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FOSSIL  PRAIRIE  DOGS  {CYNOMYS)  FROM  TEXAS 


Walter  W.  Dalquest 

Department  of  Biology,  Midwestern  State  University,  Wichita  Falls,  Texas  76308 

Abstract. — Five  nominal  species  of  fossil  prairie  dogs  have  been  described.  Cynomys 
hibbardi  Eschelman  and  C.  vetus  Hibbard  are  of  Blancan  age  and  appear  to  be  distinct 
from  modern  taxa.  C.  sispiza  Green  belongs  to  the  white-tailed  subgenus,  Leucocrossuro- 
mys.  C.  niobrarius  Hay  and  C.  meadensis  Hibbard  are  best  considered  as  related  to,  if  not 
identical  with,  the  modern  black-tailed  prairie  dog,  C.  ludovicianus.  Isolated  lower  molars 
of  white-tailed  prairie  dogs  in  the  proper  stages  of  wear  can  be  separated  from  those  of 
black-tailed  prairie  dogs  by  the  divided  talonid  valley  and,  in  m3,  mesolophid  extending 
across  the  talonid  basin  anterior  to  the  talonid  platform.  Prairie  dogs  of  Irvingtonian  age 
from  the  Gilliland  local  fauna  of  Knox  County  and  the  Slaton  local  fauna  of  Lubbock 
County,  Texas,  are  of  the  black-tailed  group,  referable  to  C.  ludovicianus.  Key  words:  fossil 
prairie  dogs;  Cynomys;  Texas. 


Numerous  fragmentary  remains  of  prairie  dogs  have  been  recovered  or 
noted  in  sediments  of  the  Pleistocene  Seymour  Formation  of  Knox  and 
Baylor  counties,  Texas,  since  the  Gilliland  local  fauna  of  that  formation 
was  reviewed  (Hibbard  and  Dalquest,  1966).  Some  of  these  bones, 
including  the  most  complete  specimens,  even  some  found  several  meters 
beneath  the  surface  prairie  soils,  proved  to  be  remains  of  the  living 
Cynomys  ludovicianus  (Ord).  This  species  lives  in  the  general  area  of  the 
fossil  deposit  today.  When  such  bones  were  heated  to  incandescence  some 
smoked,  burned,  and  gave  off  a  strong  odor  of  burning  collagen. 
Workers  should  be  aware  that  prairie  dogs  can  burrow  to  surprising 
depths,  even  in  compact,  semiconsolidated  sand  and  gravel,  and  remains 
found  in  such  deposits  should  be  regarded  with  suspicion. 

Some  prairie  dog  remains  proved  to  be  true  fossils  and  were  not 
affected  by  heating.  Specimens  from  two  sites  were  found  in  such  context 
that  they  were  almost  certainly  the  same  age  as  the  Gilliland  local  fauna, 
{ca.  600,000  years  BP).  Attempts  to  identify  these  fossils  led  to  this  brief 
review  of  the  fossil  prairie  dogs  of  Texas. 

Extant  Cynomys 

Living  prairie  dogs  belong  to  two  subgenera — Cynomys,  the  black¬ 
tailed  prairie  dog  group,  and  Leucocrossuromys,  the  white-tailed  group. 
The  subgenus  Cynomys  includes  C.  ludovicianus  (Ord)  and  C.  mexicanus 
Merriam.  Leucocrossuromys  includes  C.  leucurus  Merriam,  C.  parvidens 
Allen,  and  C.  gunnisoni  (Baird).  Only  C.  ludovicianus  occurs  in  Texas 
today. 
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Nominal  Species  of  Fossil  Cynomys 

Cynomys  niobrarius  Hay,  1921,  the  earliest-named  species  of  fossil 
prairie  dog,  comes  from  the  Hay  Springs  local  fauna,  Irvingtonian  Land 
Mammal  Age,  of  northern  Nebraska.  The  status  of  the  species  is 
uncertain,  and  it  is  rarely  mentioned  in  the  literature.  The  Hay  Springs 
material  was  collected  almost  a  century  ago  and  has  been  considered 
mixed  (Kurten  and  Anderson,  1980). 

The  holotype  of  the  species  is  “a  thoroughly  mineralized  fossil”  skull  of 
a  young  prairie  dog  with  the  deciduous  teeth  in  place.  Hay  referred  it  to 
the  white-tailed  group  but  the  teeth  and  skull  are  large  for  that  subgenus. 
Most  of  the  characters  listed  by  Hay  (1921)  as  diagnostic  occur  in 
Cynomys  ludovicianus  (anterior  ventral  termination  of  root  of  zygoma 
opposite  Ml,  broad  groove  in  front  of  anterior  root  of  zygomatic  arch, 
sharp  ridge  along  middle  of  palate)  as  well  as  C.  leucurus,  but  are  better 
developed  in  the  larger  C.  ludovicianus.  An  exception  is  the  greater  angle 
of  contact  of  the  dorsal  anterior  border  of  the  root  of  the  zygoma. 
Although  this  is  somewhat  variable  in  young  C.  ludovicianus  and  C. 
leucurus,  I  found  no  C.  leucurus  with  the  angle  so  close  to  90  degrees  as 
in  C.  ludovicianus.  Nevertheless,  C.  niobrarius  probably  is  best  referred 
to  Cynomys  cf.  ludovicianus,  but  whether  it  represents  a  valid  species  of 
Irvingtonian  or  later  age  remains  to  be  determined. 

Cynomys  vetus  Hibbard,  1942,  was  described  from  parts  of  a  skull, 
including  the  palate,  from  Jewell  County,  Kansas.  The  specimen  was  not 
associated  with  a  fauna  but  has  been  considered  to  be  of  late  Blancan  age 
(Eschelman,  1975).  Most  writers  have  agreed  that  this  is  a  distinct  species 
but  few  diagnostic  characters  other  than  size  are  present  in  upper 
dentitions  of  prairie  dogs. 

Cynomys  meadensis  Hibbard,  1956,  was  based  on  associated  first  and 
second  lower  molars  of  a  young  animal  found  with  fossils  of  the  late 
Blancan  Deer  Park  local  fauna  of  southwestern  Kansas.  The  description 
is  brief,  the  species  diagnosed  by  “a  small,  round  conulid  rather  than  a 
transverse  mesolophid  on  the  lingual  side  of  the  talonid  basin.”  The 
conulids  figured  are  typical  of  the  molars  of  C.  ludovicianus,  although 
small  mesolophids  often  occur  in  this  species.  The  molars  of  the  holotype 
can  be  matched  by  unworn  teeth  of  most  young  C.  ludovicianus.  The 
teeth  are  rather  but  not  excessively  small  (ml,  3.0  mm  long;  m2,  3.3  mm 
long).  Kurten  and  Anderson  (1980)  cited  a  personal  communication  from 
L.  Martin  stating  that  the  holotype  is  thought  to  be  intrusive  from  a 
younger  age. 

Cynomys  sispiza  Green,  1960,  from  South  Dakota,  was  originally 
thought  to  be  from  a  Tertiary  deposit  but  later  (Green,  1963)  determined 
to  be  from  Pleistocene  sand.  The  figure  of  the  lower  dentition  of  the 
holotype  shows  the  m3  to  have  the  talonid  valley  closed  with  a 
mesolophid  reaching  completely  across  the  talonid  basin,  and  m2  with 
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the  talonid  basin  divided  transversely  by  a  mesolophid.  These  are 
characters  of  Cynomys  (Leucocrossuromys).  C.  sispiza  may  be  a 
specimen  of  Pleistocene  Cynomys  leucurus. 

Cynomys  hibbardi  Eschelman,  1975,  is  a  small,  primitive  prairie  dog. 
The  lower  jaw  of  the  holotype  with  almost  unworn  ml -m3  is  from  the 
late  Blancan  White  Rock  local  fauna  of  Republic  County,  Kansas.  C. 
vetus  was  found  in  the  same  area,  suggesting  that  the  two  species  may 
have  been  sympatric. 

Of  the  five  nominal  species  of  prairie  dogs,  Cynomys  hibbardi  and  C 
vetus  probably  are  valid,  extinct  species.  C.  sispiza  may  be  a  synonym  of 
C  leucurus,  and  C.  niobrarius  and  C.  meadensis  may  be  synonyms  of  C. 
ludovicianus. 


Identification  of  Subgenera 

Black-tailed  prairie  dogs  differ  from  white-tails  in  size,  color,  cranial 
and  dental  characters,  and  habits.  Lower  jaws  of  black-tails  can  be 
separated  from  those  of  white-tails  by  their  relatively  large  size,  heavy 
structure,  stout  processes,  large  articular  surfaces,  and  large  muscle  scars. 
These  criteria,  however,  rarely  can  be  used  for  fossil  material.  Parts 
preserved  as  fossils  usually  are  isolated  teeth,  fragmentary  lower  jaws 
lacking  ascending  rami  and  processes,  fragmentary  maxillaries  or,  rarely, 
a  palate.  Identification  of  fossils  to  subgenus  requires  a  study  of 
characters  of  the  dentition  of  the  two  subgenera. 

No  qualitative  characters  were  found  in  the  upper  dentitions  that  serve 
to  separate  Cynomys  from  Leucocrossuromys.  Details  of  enamel  pattern 
vary  individually  and  with  tooth  wear.  There  are  reliable  characters  in  the 
lower  dentitions  (Fig.  1),  especially  in  m2  and  m3,  but  these  are 
discernible  only  when  specimens  of  similar  age  are  compared. 

Lower  jaws  of  Recent  prairie  dogs  (50  Cynomys  ludovicianus,  20  C. 
gunnisoni)  were  separated  into  three  age  classes:  stage  1,  young  animals 
with  the  ectolophid  of  m3  a  sharp-edged  ridge,  not  (or  barely)  worn 
through;  stage  2,  with  the  ectolophid  worn  through  to  expose  the  dentine 
as  a  narrow  lake  but  the  posterior  part  of  the  talonid  platform  still 
showing  some  enamel  folds  and  denticulations;  stage  3,  with  the 
ectolophid  broadly  worn,  the  talonid  platform  worn  flat  or  the  entire 
talonid  basin  worn  to  a  round-bottomed  depression.  Specimens  in  wear 
stage  3  cannot  be  identified  to  subgenus  by  their  dentitions.  The  most 
reliable  and  readily  seen  characters  are  found  in  m3. 

Semken  (1966)  observed  that  in  90  percent  of  specimens  he  examined 
the  talonid  valley  of  the  m3  in  the  black-tailed  prairie  dogs  was  an  open 
trough,  but  in  90  percent  of  the  white-tails  the  valley  was  blocked  by  a 
stylid  that  divided  it  into  two  parts.  Study  of  Semken’s  character  and 
related  details  shows  that  it  is  even  more  discriminate  than  he  believed. 
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Figure  1.  Lower  second  and  third  molars  of  prairie  dogs.  Top  row,  Cynomys  ludovicianus: 
A,  almost  unworn  teeth  (MWSU  1409);  B,  lightly  worn  teeth  (MWSU  3035).  In  this 
species  the  talonid  valley  (tv)  is  not  divided  and  the  talonid  platform  (tp)  is  not  limited 
by  a  mesolophid  (ml).  Lower  row,  Cynomys  gunnisoni  (TTU  39643),  almost  unworn 
teeth  (C);  Cynomys  leucurus  (MWSU  1731),  teeth  slightly  worn  (D).  In  white-tailed 
prairie  dogs,  the  talonid  valley  is  divided  and  the  talonid  platform  is  confined  anteriorly 
by  a  mesolophid.  The  transverse  valley  at  the  anterior  ends  of  each  tooth  is  the  trigonid 
basin  (tb);  the  labial  margin  of  the  tooth  is  the  ectolophid  (el).  Anterior  to  left;  lingual 
to  top. 


In  the  black-tailed  prairie  dog,  the  m3  in  wear  stage  1  usually  has  the 
ectolophid  gently  curved.  The  talonid  valley  (basin  trench  of  Black,  1963) 
follows  the  lingual  margin  of  the  ectolophid  but  its  ends  are  deflected 
lingually  by  the  protoconid  and  hypoconid,  giving  the  valley  a  flattened 
“W”  shape.  The  talonid  platform  is  an  elevated  structure  lingual  to  the 
talonid  valley;  its  surface  enamel  is  complexly  and  variably  wrinkled  and 
denticulate.  The  labial  margin  of  the  platform  is  elevated  as  a 
denticulated  lophid  that  forms  the  internal  margin  of  the  talonid  valley. 
The  talonid  platform  is  irregular  in  shape  with  its  internal  edge  the 
lingual  margin  of  the  tooth.  There  is  no  mesolophid  limiting  the  enamel 
structures  of  the  platform. 

In  wear  stage  2,  the  dentine  of  the  ectolophid  is  exposed  as  a  narrow, 
isolated,  enamel  lake.  The  enamel  of  the  lingual  margin  of  the  ectolophid 
passes  about  the  ends  of  the  valley  to  join  the  lophid  bordering  the  valley 
lingually,  forming  a  deep  enamel  lake.  At  this  stage,  in  approximately  25 
percent  of  the  teeth,  the  valley  is  shallowest  at  or  near  its  center, 
occasionally  so  shallow  that  when  the  enamel  is  worn  through  the  valley 
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is  divided  into  two  parts.  In  most  instances,  the  valley  is  not  (or  is  only 
slightly)  shallower  at  the  middle,  and  the  valley  persists  as  a  single  trough 
until  wear  stage  3. 

In  the  white-tailed  group,  m3  usually  (90  percent)  has  a  small  medial 
cusp,  the  mesostylid,  on  the  internal  slope  of  the  ectolophid.  (A 
mesostylid,  if  present  in  the  black-tailed  m3,  is  on  the  top,  not  the  side, 
of  the  ectolophid.)  The  talonid  valley  is  blocked  by  the  mesostylid, 
separating  the  talonid  basin  into  two  deep  pits.  This  separation,  at  stage 
1,  readily  identifies  the  tooth  as  that  of  a  white-tail.  From  the  mesostylid, 
a  narrow  (straight  or  convoluted)  mesolophid  extends  lingually  or 
anterolingually  across  to  the  lingual  edge  of  the  tooth.  The  mesolophid 
limits  the  talonid  platform  to  a  somewhat  triangular  area.  In  rare  white¬ 
tailed  m3’s  in  which  mesostylids  fail  to  develop,  the  mesolophids  that 
limit  the  talonid  platform  to  a  triangular  area  are  present  and  serve  to 
identify  the  teeth  as  white-tail. 

At  wear  stage  2,  the  talonid  valley  is  divided  into  two  closed  enamel 
lakes.  The  posterior  part  of  the  talonid  platform  wears  away  more  swiftly 
than  the  anterior  part  (at  wear  stage  3,  the  platform  becomes  a  deep, 
rounded  pit).  The  mesolophid  usually  is  still  discernible  in  wear  stage  2. 

The  enamel  structures  of  the  surfaces  of  ml  and  m2  are  worn  away 
before  those  of  m3,  and  on  ml  appear  to  be  more  transient  than  on  m2. 
The  second  lower  molar  is  larger  than  ml  and  more  readily  identifiable 
than  is  ml.  However,  the  two  teeth  and  their  characters  are  similar. 

In  the  black-tailed  prairie  dog  in  stage  1,  the  talonid  basins  of  ml  and 
m2  are  deep,  round-bottomed  depressions.  One,  two,  rarely  three,  small, 
pointed  conulids  or  a  short  mesolophid  with  vertical  ends  are  present  at 
the  bottom  of  the  basin.  On  rare  individuals,  the  lophid  is  a  bit  longer 
but  it  does  not  meet  the  ectolophid  labially  or  extend  to  the  lingual 
margin  of  the  tooth.  Even  into  stage  2,  the  talonid  basin  is  a  single  broad 
pit  posterior  to  the  trigonid  basin. 

In  the  white-tails,  the  talonid  basin  of  ml  and  m2  in  stage  1  is  crossed 
by  a  shallow,  straight  mesolophid.  The  tooth  pattern  consists  of  three 
closed  pits:  the  anterior  trigonid  basin,  and  an  isolated  large  medial  and  a 
smaller  posterior  part  of  the  talonid  basin. 

Earlier  Pleistocene  Prairie  Dogs  of  Texas 

Cynomys  was  in  existence  in  the  late  Blancan  (Eschelman,  1975)  and 
must  have  evolved  from  Spermophilus  stock  in  the  late  Tertiary  (Bryant, 
1945).  The  oldest  records  for  Texas,  however,  date  from  the  Irvingtonian 
Land  Mammal  Age,  Seymour  Formation,  Gilliland  local  fauna,  of  Knox 
and  Baylor  counties.  Stratigraphically,  the  specimens  come  from  beneath 
the  Type  O  Pearlette  volcanic  ash,  dated  from  a  number  of  places  on  the 
Great  Plains  at  600,000  years  before  present  (Izett  et  al.,  1971).  A  prairie 
dog  astragalus,  four  upper  cheekteeth,  and  a  lower  m2  were  recovered 
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from  a  disintegrating  carnivore  coprolite  eroding  from  an  undisturbed 
clay  bed  in  the  Seymour  Formation,  north  of  Red  Springs,  Baylor 
County.  A  quarry  on  the  Burnett  Ranch,  Knox  County,  has  yielded 
numerous  remains  of  small  mammals,  all  representative  of  the  Cudahay- 
type  Gilliland  local  fauna.  Among  the  fossils  here  recovered  are  a  worn 
upper  Cynomys  molar,  part  of  another,  and  part  of  a  lower  molar.  Fossil 
prairie  dog  material  from  these  two  sites  is  certainly  the  same  age  as 
other  mammals  of  the  Gilliland  local  fauna  and  not  intrusive  from  later 
ages. 

Number  12225  (Midwestern  State  University  Collection  of  Fossil 
Vertebrates),  Burnett  Ranch,  consists  of  the  external  half  of  m3  in  wear 
stage  1,  broken  anteroposteriorly  along  the  bottom  of  the  talonid  valley. 
The  ectolophid  is  sharp  and  the  fracture  shows  that  the  talonid  valley 
was  deep  along  its  entire  length.  No  mesostylid  was  present  and  the  tooth 
is  of  the  black-tail  type. 

Of  the  teeth  from  Red  Springs  (12227),  the  m2  is  in  wear  stage  1.  The 
talonid  basin  possess  a  short  lophid,  distinctly  shorter  than  the 
mesolophids  found  in  the  m2’s  of  white-tailed  prairie  dogs.  These  teeth 
also  seem  to  be  of  the  black-tailed  type. 

The  Slaton  Quarry  local  fauna  (Meade,  1942,  1952;  Dalquest,  1967)  is 
also  of  Irvingtonian  age,  probably  younger  than  the  Gilliland  local  fauna 
but  not  as  young  as  Dalquest  (1967)  suggested.  The  presence  of  the  water 
rat  {Neofiber  leonardi)  in  the  Slaton  deposit,  and  its  presumed  ancestor. 
Proneofiber  guildayi,  in  the  Gilliland  fauna,  led  to  estimation  of  Illinoian 
glacial  age.  Yarmouthian  interglacial  or  late  Kansan  glacial  age  seems 
more  likely  (Hibbard  and  Dalquest,  1973).  All  records  of  Neofiber 
leonardi  are  of  middle  Pleistocene  age  (Frazier,  1977). 

The  Slaton  collection  is  rich  in  prairie  dog  material.  Three  maxillaries 
with  P4-M3,  three  lower  jaws  with  p4-m3,  several  upper  and  lower  jaw 
fragments  with  teeth,  and  about  50  isolated  teeth,  are  included.  When  I 
(Dalquest,  1967)  referred  these  specimens  to  Cynomys  vetus  I  was  not 
aware  of  Semken’s  (1966)  characters  for  separating  white-tailed  from 
black-tailed  prairie  dogs,  or  of  the  changes  that  occur  in  prairie  dog  teeth 
with  wear.  After  being  unavailable  for  many  years,  the  Slaton  collection 
has  been  recovered  and  the  Cynomys  specimens  reexamined. 

The  Slaton  prairie  dog  fossils  consist  entirely  of  old  individuals.  There 
are  no  lower  molars  in  wear  stage  1  and  only  five  in  stage  2.  The 
remainder,  including  those  in  jaws,  are  in  stage  3.  The  small  size  of  the 
lower  cheekteeth  results  from  excessive  age  and  wear.  The  teeth  are 
similar  in  size  to  cheekteeth  of  Cynomys  ludovicianus  in  wear  stage  3. 

The  single  m3  has  the  talonid  valley  undivided.  The  four  first  and 
second  lower  molars  do  not  have  the  talonid  basin  transversely  divided, 
and  two  show  the  bases  of  small,  rounded  stylids.  The  characters  of  these 
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teeth  are  of  the  subgenus  Cynomys,  not  Leucocrossuromys.  They  are  not 
white-tails  and  I  erred  in  referring  them  to  Cynomys  vetus  in  1967. 

Late  Pleistocene  Prairie  Dogs 

The  prairie  dogs  of  the  medial  Pleistocene  (Irvingtonian  age)  Gilliland 
and  Slaton  local  faunas  are  best  regarded  as  Cynomys  cf.  ludovicianus 
until  fossils  adequate  for  specific  identification  are  discovered.  Cynomys 
ludovicianus  has  been  reported  from  numerous  local  faunas  of 
Rancholabrean  age  in  Texas.  The  Ingleside  local  fauna  (Lundelius,  1972), 
from  near  Corpus  Christi,  on  the  Gulf  Coast,  includes  Cynomys 
ludovicianus,  showing  that  the  black-tailed  prairie  dog  extended  to  the 
Gulf  of  Mexico  in  the  later  Pleistocene.  Records  from  numerous  caves  on 
the  Edwards  Plateau  (for  example,  Evans,  1961;  Dalquest  et  al.,  1969) 
show  that  the  species  was  widespread  through  the  Hill  Country  in  the 
late  Wisconsin  glacial  age.  In  the  later  Pleistocene,  the  black-tail  prairie 
dog  must  have  occupied  almost  all  of  Texas  west  of  the  Balcones  Fault 
Zone  (as  defined  by  Schmidly,  1983),  including  areas  where  it  has  not 
lived  in  historic  times. 

Semken’s  (1966)  record  of  Cynomys  cf.  gunnisoni  and  C.  ludovicianus 
together  in  the  Sandahl  local  fauna  shows  that  in  the  Pleistocene  a  kind 
of  white-tailed  prairie  dog  lived  in  Kansas  east  of  the  present  range  of 
white-tails.  Ayer  (1936)  listed  Cynomys  gunnisoni  from  late  Pleistocene 
cave  faunas  from  the  Guadalupe  Mountains  of  Texas.  Other  cave  local 
faunas  from  the  Guadalupe  Mountains  (Schultz  and  Howard,  1935)  and 
nearby  (Dry  Cave,  Eddy  County,  New  Mexico — Harris,  1977;  Fowlkes 
Cave,  Culberson  County,  Texas— Dalquest  and  Stangl,  1984)  have 
yielded  Cynomys  ludovicianus.  The  Fowlkes  Cave  specimens  have  been 
reexamined  and  certainly  belong  to  C.  ludovicianus.  I  have  not  seen  the 
materials  referred  to  C.  gunnisoni  but,  if  they  truly  are  C.  gunnisoni  they 
are  the  only  records  of  that  species  from  Texas. 
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CONSERVATION  OF  THE  CATFISH  CREEK  ECOSYSTEM: 
A  NATIONAL  NATURAL  LANDMARK  IN  EASTERN  TEXAS 


Ray  C.  Telfair  II 

Texas  Parks  and  Wildlife  Department,  Management  and  Research 
Station,  Route  10,  Box  1043,  Tyler,  Texas  75707 

Abstract. — On  1  June,  1983,  the  United  States  Department  of  the  Interior  proposed  that 
Catfish  Creek  become  a  National  Natural  Landmark  based  on  a  recommendation  from  the 
National  Park  Service.  The  creek  was  so  designated  and  is  included  on  the  National 
Registry  of  Natural  Landmarks.  Most  of  the  designated  area  is  within,  or  borders,  the 
Engeling  Wildlife  Management  Area.  This  paper  documents  the  significance  of  the  Catfish 
Creek  ecosystem  as  representative  of  one  of  the  few  remaining  relatively  undisturbed  spring- 
fed  riparian  wetlands  of  the  western  Gulf  Plain  natural  region. 

The  background  data  base  includes  historical  and  recent  documentation  of  land  use, 
vegetation,  and  wildlife.  Significant  values  are  identified.  Current  status  and  future  trends 
are  discussed  including  land  and  water  conversion  and  rare  or  unique  wetlands,  flora,  and 
fauna.  Management  needs  and  recommendations  are  presented.  Key  words:  conservation; 
Catfish  Creek;  national  natural  landmark;  eastern  Texas. 

Catfish  Creek  is  an  eastern  tributary  in  the  upper  middle  basin  of  the 
Trinity  River.  Its  headwaters  are  in  south-central  Henderson  County, 
Texas.  Most  of  the  creek  flows  through  northwestern  Anderson  County 
to  its  southwestern  confluence  with  the  Trinity  River  on  the  boundary  of 
Freestone  County.  The  Catfish  Creek  ecosystem  covers  1805  hectares  for 
a  distance  of  about  32  kilometers.  Twenty-four  branches  and  small  creeks 
maintain  a  free-flowing  meandering  bottomland.  Several  small  impound¬ 
ments  are  located  on  the  reach  in  Henderson  County.  Diverse  wetland 
habitats  include  forest,  marshes,  swamps,  bogs,  and  springs  (Figs.  1-2). 

Most  of  this  ecosystem  is  in  bottomland  hardwood  forest  and  wetlands 
historically  used  for  timber  production  and  grazing.  The  system  is 
flooded  annually  and  is  unsuited  for  most  cultivation,  housing  sites,  or 
industry.  About  half  of  the  ecosystem  is  associated  with  the  Engeling 
Wildlife  Management  Area  (4428  hectares),  owned  and  managed  by  the 
Texas  Parks  and  Wildlife  Department.  The  initial  tract  was  acquired  in 

1950.  The  last  addition  was  made  in  1961.  The  area  was  named  in  honor 
of  Gus  A.  Engeling,  a  wildlife  biologist  who  was  killed  by  a  poacher  in 

1951.  The  tract  was  selected  as  an  area  on  which  to  conduct  long-term 
wildlife  management  research  and  demonstration  of  results. 

Background  Data 

History  of  the  Derden  Wildlife  Management  Area  (renamed  the  Engeling  Wildlife 
Management  Area)  was  documented  by  Engeling  (1951).  Most  of  the  information  was 
obtained  by  personal  interviews  of  senior  citizens  in  nearby  communities.  Also,  information 
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Figure  1.  Location  of  Catfish  Creek  ecosystem  in  relation  to  the  Trinity  River  system, 
Dallas-Fort  Worth  Metroplex,  and  reservoirs  (impounded,  under  construction,  and 
potential). 

was  obtained  from  records  in  libraries  in  Palestine.  By  this  method,  history  of  land  use, 
vegetation,  and  wildlife  was  traced  since  the  time  of  the  earliest  settlers  (about  1830). 

Vegetation  was  inventoried  by  Teer  (1952a).  A  vegetation  type-map  was  prepared  and  a 
plant  collection  was  assembled.  The  plant  collection  totaled  240  species  consisting  of  56 
woody  species,  25  grasses,  and  159  forbs.  Wildlife  also  was  inventoried  by  Teer  (1952b). 
Efforts  were  restricted  to  mammals  and  birds.  Techniques  included  sight  records, 
observations  of  signs,  trapping,  calls,  and  simple  census  methods.  Documentation  was 
secured  for  most  common  wildlife  species  of  the  area.  Included  were:  white-tailed  deer 
{Odocoileus  virginianus),  gray  and  fox  squirrels  (Sciurus  carolinensis  and  S.  niger),  eastern 
cottontails  and  swamp  rabbits  {Sylvilagus  floridanus  and  S.  aquaticus),  nine-banded 
armadillos  (Dasypus  novemcinctus),  wild  turkeys  (Meleagris  gallopavo),  northern  bobwhites 
{Colinus  virginianus),  nine  species  of  furbearers,  six  species  of  waterfowl,  and  58  species  of 
songbirds. 

From  January  1972  through  May  1973,  Lodwick  (1975)  studied  the  net  aerial  primary 
production  of  the  vascular  plants  of  Andrew’s  Bog,  a  104-hectare  bog  site  on  the  Engeling 
Area.  A  tentative  checklist  of  vegetation  and  an  historical  chronicle  of  the  area  were 
prepared  by  Veteto  et  al.  (1976)  and  Davis  and  Veteto  (1978).  The  vegetation  list  was  based 
upon  herbarium  specimens  and  field  identifications.  The  list  included  471  species — 83 
woody  plants,  80  grasses,  46  legumes,  63  composite  forbs,  172  other  forbs,  and  27  sedges, 
rushes,  and  bulrushes. 
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Tentative  checklists  of  vertebrates  were  prepared  for  freshwater  fishes  (Telfair,  1977), 
amphibians  and  reptiles  (Telfair  and  Thomas,  1974),  birds  (Telfair  and  Arnold,  1974),  and 
mammals  (Telfair  and  Martin,  1974).  These  lists  were  based  upon  limited  creel  censuses, 
museum  specimens,  and  field  collections.  Sight  records,  distribution  maps,  and  checklists 
from  adjacent  counties  were  also  major  sources  of  information.  Total  species  listed  were:  88 
fishes;  10  sirens,  salamanders,  newts,  and  mudpuppies;  18  toads  and  frogs;  15  turtles;  one 
alligator;  12  lizards;  30  snakes;  194  birds;  and  45  mammals. 

In  June  and  early  July  of  1982  to  1984,  I  taught  a  university-level  field  studies  course  at 
the  Engeling  Wildlife  Management  Area.  Major  projects  involved  collecting,  identifying, 
and  preserving  voucher  specimens  of  the  flora  and  fauna  to  expand  and  verify  the  checklists 
that  were  published  from  1974  to  1978.  Other  field  trips  were  conducted  in  the  autumn, 
winter,  and  spring  of  1982  to  1985.  As  a  result  of  these  efforts,  the  following  results  were 
obtained. 

Emphasis  was  placed  upon  wetland  and  aquatic  plants.  Also  in  the  period  1982  to  1984, 
many  plants  were  collected  and  identified  by  Ms.  Mary  E.  May,  Research  Assistant, 
Stephen  F.  Austin  State  University,  during  a  study  of  the  food  habits  of  feral  hogs  {Sus 
scrofa)  on  the  area.  Currently,  verified  vascular  plants  number  676  species — 112  trees, 
shrubs,  and  woody  vines,  130  grasses,  57  legumes,  85  composite  forbs,  222  other  forbs,  and 
70  wetland  and  aquatic  plants. 

Soils  in  the  bottomland  along  Catfish  Creek  are  moderately  permeable,  shallow,  gray- 
brown,  sandy  loams.  As  a  result,  mature  trees  are  subject  to  wind-throw.  In  the  summer  of 
1984,  my  students  and  I  (Telfair  et  al.,  1984)  determined  the  number  of  wind-thrown,  den, 
and  snag  trees.  Eleven  randomly-selected  sites  of  0.04  hectare  were  chosen  for  analysis.  Per 
0.4  hectare,  there  were  4.5  wind-thrown  trees  (x  DBH  =  41.1  centimeters),  two  den  trees  (x 
DBH  =  47.5  centimeters),  and  two  snags  (x  DBH  =  39.1  centimeters).  There  was  an  average 
of  27  trees  per  sample  site  with  only  12  percent  being  greater  than  35  centimeters  DBH. 
Thus,  wind-thrown,  den,  and  snag  trees  were  larger  than  other  trees  by  an  average  of  3.0 
centimeters  DBH.  Percentages  of  occurrence  were  wind-thrown  trees  (17  percent),  den  trees 
(seven  percent),  and  snags  (seven  percent). 

The  scarcity  of  mature  trees  larger  than  35  centimeters  DBH  has  been  seriously 
considered  by  Mr.  Carl  D.  Frentress  (personal  communication).  Wildlife  Biologist,  Texas 
Parks  and  Wildlife  Department.  He  offered  the  following  hypothesis.  Large,  mature  trees 
probably  have  not  been  common  in  the  Catfish  Creek  bottomland.  Most  large-diameter 
trees  have  sustained  some  reduction  of  crown  mass  from  lightning  strike  or  break-out  of  the 
crown.  Such  trees  generally  are  shorter  than  their  neighbors,  especially  in  relation  to 
diameter.  This  situation  reduces  the  mechanical  advantage  of  leverage  resulting  from  wind 
resistance  of  the  crown.  Thus,  tall,  healthy,  bottomland  trees  are  especially  susceptible  to 
wind-throw.  Shorter  trees  have  a  better  chance  of  standing  longer,  and,  thus,  have  more 
time  to  increase  in  diameter.  Furthermore,  wind-throw  may  be  more  a  function  of  shallow 
root  systems  than  physical  characteristics  of  soils.  Shallow  root  systems  may  be  the  result  of 
a  predominantly  near-surface  water  table. 

Fishes  were  collected  by  use  of  leader-wing  traps,  hook  and  line,  electroshocking  boats, 
seining,  and  rotenone  treatment.  This  was  done  in  cooperation  with  Mr.  Charles  R.  Inman, 
Inland  Fisheries  Biologist,  Texas  Parks  and  Wildlife  Department.  Representative  samples  of 
each  species  and  age  class  were  preserved  for  the  teaching  collection  of  the  Department  of 
Wildlife  and  Fisheries  Sciences,  Texas  A&M  University.  The  number  of  verified  fish  species 
is  48  of  a  possible  88  species.  (54  percent). 

Amphibians  and  reptiles  were  collected  by  cruising  roads,  searching  habitats,  drift  fences, 
seining,  fish  and  turtle  traps,  hook  and  line,  and  rotenone  treatment.  Each  species  was 
photographed  and  specimens  were  preserved  for  the  Texas  Cooperative  Wildlife  Collection 
of  the  Department  of  Wildlife  and  Fisheries  Sciences,  Texas  A&M  University.  The  number 
of  verified  species  or  subspecies  in  comparison  to  those  that  possibly  may  occur  on  the  area 
were:  sirens,  salamanders,  newts,  and  mudpuppies  (one  of  10,  10  percent);  toads  and  frogs 
(10  of  19,  53  percent);  turtles  (10  of  14,  71  percent);  alligator;  lizards  (five  of  12,  42  percent); 


14 


THE  TEXAS  JOURNAL  OF  SCIENCE— VOL.  40,  NO.  1,  1988 


Figure  2.  The  Catfish  Creek  ecosystem  in  relation  to  the  vegetation  cover  type  map  of  the 
Engeling  Wildlife  Management  Area,  Anderson  Co.,  Texas.  The  map  is  modified  from 
that  drawn  by  Mr.  Greg  Yarrow,  graduate  student,  Stephen  F.  Austin  Stte  University. 
Beaver  ponds  are  those  located  by  Mr.  Yarrow  and  Ms.  Julie  A.  Hogan,  Wildlife 
Biologist,  Engeling  Wildlife  Management  Area.  The  dark,  heavy  line  separates  upland 
from  bottomland  vegetation  types. 
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and  snakes  (17  of  33,  51  percent).  Therefore,  the  total  verified  species  or  subspecies  of 
amphibians  and  reptiles  was  44  of  a  possible  89  (44  percent). 

Migratory  and  breeding  birds  were  verified  by  sight  records,  collecting,  hunter  kills  of 
waterfowl,  banding  of  nestlings,  and  banding  juveniles  and  adults  trapped  in  mist  nets.  The 
total  numbers  of  bird  species  that  pass  through  the  area  or  are  breeding,  winter,  or 
permanent  residents  there  include  128  migrants,  82  breeding  residents,  107  winter  residents, 
and  43  permanent  residents. 

Mammals  were  verified  by  sight  records,  live-trapping,  spot-lighting,  mist-netting  of  bats, 
predator  calling,  and  scent  analysis  of  tracks  (Strapper,  1984).  The  number  of  verified 
species  in  comparison  to  species  that  possibly  may  occur  in  the  area  are  34  of  a  possible  48 
species  (71  percent). 

On  18-20  April  1986,  the  Texas  Herpetological  Society  held  an  annual  spring  meeting  at 
the  Engeling  Wildlife  Management  Area,  Amphibians  and  reptiles  were  collected  by  road- 
cruising,  habitat-searching,  seining,  and  turtle  trapping.  This  effort  may  have  completed  the 
list  of  verified  species  and  subspecies  in  comparison  with  those  that  possibly  may  occur  on 
the  area:  sirens,  salamanders,  newts,  and  mudpuppies  (four  of  10,  40  percent);  toads  and 
frogs  (13  of  19,  68  percent);  turtles  (11  of  14,  78  percent);  alligator;  lizards  (nine  of  12,  75 
percent);  and  snakes  (23  of  33,  70  percent).  Therefore,  the  total  verified  taxa  of  amphibians 
and  reptiles  was  61  of  a  possible  89  (68  percent). 


Significance 

Land  Use 

According  to  an  early  settler:  “Bottomlands  were  free  of  underbrush 
and  cattle  and  deer  could  be  seen  for  several  hundred  yards.  Wagons 
could  be  driven  to  Catfish  Creek,  which  had  clean,  hard  banks  at  almost 
any  point.  Wildlife  was  present  in  great  abundance”  (Davis  and  Veteto, 
1978). 

Catfish  Creek  and  its  spring-fed  branches  furnished  ideal  camp  and 
village  sites  for  several  tribes  of  American  Indians.  Apparently,  the  area 
was  used  by  roving  bison  hunters  from  the  west  (Comanches,  Tonkawas, 
and  Wacos)  and  sedentary  farmers  of  the  east  (Caddoes,  Kickapoos, 
lonis,  Keechis,  Neches,  and  Cherokees).  Farming  probably  did  not 
seriously  degrade  the  soil.  However,  hunting  expeditions  and  burning 
practices  did  influence  vegetation  and  wildlife.  Fire  was  used  to  drive 
game  and,  in  late  winter,  selected  areas  were  burned  to  assure  tender 
spring  grass  for  horses.  These  Indians  were  little  disturbed  until  1830. 
Land  surveying  began  in  1833.  Between  1836  to  1841,  the  Kickapoos  and 
Cherokees  fought  and  raided  settlers.  By  1846,  all  Indians  were  removed 
from  the  area. 

By  1882,  cattle  and  hogs  routinely  were  grazed  year-round  on  native 
forage  in  the  bottomlands.  In  1888,  barbed  wire  was  introduced.  By  1900, 
most  open  range  was  fenced.  Between  1900  and  1944,  some  bottomland 
pastures  were  subjected  to  high  stocking  rates  of  cattle  and  hogs.  Severe 
overgrazing  resulted.  In  1950,  the  intitial  purchase  of  the  Derden  Wildlife 
Management  Area  was  made.  Cattle  and  hogs  were  removed  in  February 
1951  to  allow  depleted  range  to  recover. 


16 


THE  TEXAS  JOURNAL  OF  SCIENCE— VOL.  40,  NO.  1,  1988 


During  most  of  this  period,  the  practice  of  cutting  firewood  for  home 
heating  and  cooking  had  considerable  impact  on  hardwoods  (Frentress, 
personal  communication).  As  rural  populations  grew,  this  demand 
increased  and  substantial  impacts  were  made  on  both  upland  and 
bottomland  hardwood  tracts  by  woodcutters.  Within  the  Catfish  Creek 
ecosystem,  local  residents  have  historical  records  of  extensive  wood 
cutting  for  both  rural  and  urban  demands. 

During  the  period  from  1950  to  1965,  large  tracts  of  hardwood  timber 
throughout  the  Catfish  Creek  region  were  cleared  and  converted  to 
improved  pastures  of  strains  of  coastal  bermudagrass.  However,  such 
activities  were  excluded  from  the  Engeling  Wildlife  Management  Area. 

Today,  livestock  production  continues  as  the  principal  land  use  in  the 
region.  Concurrently,  farming  has  declined.  Purchase  of  recreational 
tracts  and  rural  living  in  the  form  of  “ranchettes”  have  become  increasing 
trends  since  the  mid-1970s  (Frentress,  personal  communication). 

Vegetation 

Originally,  bottomlands  were  open  and  dominated  by  large,  mature 
trees.  Marshes  were  covered  with  blackberry  vines  {Rubus  sp.).  Sandflats 
produced  large  quantities  of  postoak  grapes  {Vitis  lincecumii).  Green- 
briars  {Smilax  sp.)  were  restricted  to  a  few  areas  along  Catfish  Creek. 
Much  of  the  large  timber  was  cut  for  rail  fences.  Mast  crops  were  usually 
heavy.  Farmers  and  ranchers  attempted  to  prevent  fires  in  the  autumn  to 
preserve  mast  for  hogs.  However,  large,  hot  fires  did  occur  and  usually 
killed  small  trees. 

In  the  period  1888  to  1900,  barbed  wire  fences  and  roads  were 
constructed.  Fires  were  more  easily  controlled  and  burning  was  restricted 
to  early  spring.  Small  trees  and  underbrush  began  to  appear. 

Between  1900  and  1915,  wooded  portions  of  the  area  now  known  as 
the  Engeling  Wildlife  Management  Area  were  still  parklike.  However, 
underbrush  began  to  increase,  but  much  of  the  area  was  open  until  1930. 
Mast  crops,  usually  heavy  on  mature  trees  in  open  areas,  began  to  fail 
more  regularly  with  the  advent  of  brushy  woodland. 

By  1950,  underbrush  was  abundant.  Bottomlands  flooded  for  long 
periods,  perhaps  aided  by  the  loss  of  upland  cover  as  a  result  of  land 
clearing  and  overgrazing.  Catfish  Creek  widened  and  extensive  marshes 
and  swamps  developed.  These  areas  became  dominated  by  southern 
wildrice  [cutgrass]  {Zizaniopsis  miliacea),  water-elm  [planer-tree]  (Planera 
aquatica),  and  common  buttonbush  [buttonwillow]  {Cephalanthus  acci¬ 
dent  alis). 

From  1944  to  1946,  Catfish  Creek  bottomlands  were  flooded  for 
unusually  long  periods  and  the  soil  remained  saturated  almost  year- 
round.  Subsequently,  many  large  trees  died  throughout  the  bottoms.  As  a 
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result,  the  canopy  was  opened  and  sunlight  reached  the  ground,  which 
stimulated  an  immediate  impenetrable  growth  of  underbrush  and  vines. 

Logging  operations  ceased  in  the  Derden  Ranch  bottomland  when  it 
was  purchased  by  the  state.  Previously,  much  accessible  timber  had  been 
removed.  Important  commercial  species  included  southern  red  oak 
{Quercus  falcata),  willow  oak  (Q.  phellos),  water  oak  (Q.  nigra),  overcup 
oak  {Q.  lyrata),  American  elm  {Ulmus  americana),  cedar  elm  {U. 
crassifolia),  sweetgum  {Liquidambar  styraciflua),  and  blackgum  [black 
tupelo]  {Nyssa  sylvatica). 

In  mid-February  1951,  an  ice  storm  damaged  stands  of  several  species 
of  bottomland  trees:  southern  red  oak,  willow  oak,  water  oak,  young 
sweetgum,  and  river  birch  (Betula  nigra).  With  the  exception  of  exclusion 
of  logging  from  the  Engeling  Wildlife  Management  Area,  large  tracts  of 
bottomland  timber  were  cleared  throughout  the  region  of  Catfish  Creek 
and  converted  to  improved  pastures. 

On  9  May,  1981,  a  tornado  devastated  71  hectares  of  bottomland 
timber  in  the  northern  section  of  the  Engeling  Area.  Fallen  timber 
formed  numerous,  impassable  log  jams.  The  area  immediately  began  to 
be  covered  by  vines  and  underbrush. 

Wildlife 

Prior  to  1860,  game  was  plentiful  in  Catfish  Creek  bottomlands 
although  the  abundance  of  some  species  was  seasonal.  Principal  resident 
game  species  were  white-tailed  deer,  wild  turkey,  and  gray  and  fox 
squirrels.  Several  species  of  small  mammals  were  also  desirable  for 
eating — North  American  opossum  (Didelphis  virginiana),  beaver  {Castor 
canadensis),  swamp  rabbit,  and  raccoon  {Procyon  lotor).  Other  furbear- 
ers  of  importance  were  river  otter  {Lutra  canadensis)  and  mink  {Mustela 
vison).  Important  predators  were  gray  fox  {Urocyon  cinereoargenteus), 
coyote  {Canis  latrans),  red  wolf  (C.  rufus),  and  bobcat  {Felis  rufus). 
Thousands  of  waterfowl  were  present  in  spring,  autumn,  and  winter, 
especially  when  bottomlands  were  flooded.  Passenger  pigeons  {Ectopistes 
migratorius)  were  present  in  large  numbers  in  winter  roosts.  Occasionally, 
the  area  was  frequented  by  black  bears  {Ursus  americana),  mountain 
lions  {Felis  concolor),  and  ringtails  {Bassariscus  astutus)  (Frentress, 
personal  communication). 

With  the  increase  of  settlers  in  the  region  about  1860,  bottomland 
game  species  began  a  rapid  decline.  Hunting  occurred  year-round  with  no 
bag  limits.  Roost  shooting  of  waterfowl  and  turkeys  was  common 
practice.  Commercial  game  hunters  were  common  Passenger  pigeons 
were  exterminated  by  1900.  Turkeys  and  deer  were  depleted  by  1920  and 
with  the  exception  of  squirrels  and  waterfowl,  hunting  was  unproductive. 
Game  laws  were  passed  between  1879  and  1920. 
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After  1920,  the  principal  bottomland  game  animals  were  squirrels  and 
waterfowl.  Squirrels  were  abundant  year-round  and  thousands  of 
waterfowl  were  present  in  the  winter.  Demands  were  high  for  furbearers, 
especially  for  raccoon  and  mink  (Frentress,  personal  communication). 

During  years  of  abundant  rainfall  and  mast  production,  squirrel  and 
waterfowl  populations  continued  to  provide  good  hunting  in  suitable 
habitats.  However,  after  World  War  II,  squirrels  and  several  species  of 
waterfowl  were  less  abundant  than  in  previous  years.  In  1948,  the  deer 
population  began  a  steady  increase.  The  hunting  season  was  reopened  in 
1955.  The  herd  continues  to  increase  and  has  spread  into  adjoining  areas. 
Deer  hunting  provides  major  recreation  for  the  locale.  Unlike  deer, 
turkeys  exhibited  a  trend  of  short-term  increases  for  a  few  years,  followed 
by  a  steady  decline,  then  an  increase.  At  present,  a  small  huntable 
population  exists  in  the  region. 

A  summer  scent  station  study  of  furbearers  and  predators  on  the 
Engeling  Area  (Stapper,  1984)  showed  that  the  raccoon  was  the  most 
abundant  furbearer.  Other  furbearers  were  much  less  abundant.  The 
coyote  is  the  most  abundant  predator.  Quite  unexpectedly,  tracks  of  a 
mountain  lion  {Felis  concolor)  were  found  on  9  June,  1984.  Also,  nearby 
scratch  marks  were  observed  on  large  oak  trees.  Apparently,  mink  in  the 
Catfish  Creek  area  have  recovered  from  heavy  trapping  pressure  during 
years  of  high  fur  prices  and  demand. 

Current  Status  and  Future  Trends 

The  Trinity  River  Valley  has  larger  cities,  more  population,  and  greater 
industrial  development  than  any  other  river  basin  in  Texas  (Texas 
Almanac,  1986-1987).  Pollution  has  been  chronic.  The  upper  and  middle 
basins  are  subjected  to  periodic  depletion  of  dissolved  oxygen  due  to 
treated  and  sometimes  untreated  sewage  effluent-dominated,  nutrient-rich 
waters. 

In  the  Trinity  Basin  above  Catfish  Creek,  there  are  23  existing 
reservoirs,  three  projects  under  construction,  and  one  authorized  project. 
Two  of  these  reservoirs  are  within  24  kilometers  of  the  Catfish  Creek 
basin  (Richland-Chambers  and  and  Cedar  Creek  reservoirs).  The 
authorized  project  (Tennessee  Colony  Reservoir)  would  inundate  the 
lower  reach  of  the  creek. 

No  portion  of  the  upper  Trinity  River  has  or  will  have  a  greater 
amount  of  reservoir  area  than  the  immediate  vicinity  of  Catfish  Creek 
(Texas  Department  of  Water  Resources,  1984).  More  importantly.  Catfish 
Creek  is  the  only  tributary  of  comparable  size  that  has  not  been 
influenced  by  a  major  reservoir  (Leifeste  and  Hughes,  1967). 

The  Catfish  Creek  Basin  is  situated  within  the  post  oak-blackjack  oak- 
black  hickory  belt  {Quercus  stellaia,  Q.  marilandica,  and  Cary  a  texana). 
This  belt  is  a  transition  zone  between  eastern  Texas  pine  and  hardwood 


CATFISH  CREEK  ECOSYSTEM,  TEXAS 


19 


timberlands  and  the  western  blackland  prairies.  However,  the  bottom¬ 
lands  are  quite  diverse  and  unlike  the  upland  forests  and  prairies  in  the 
vicinity. 

Most  riparian  associations  occur  along  Catfish  Creek,  but  some  also 
are  found  along  large  spring-fed  branches.  Riparian  forests  occur  in 
about  11  percent  of  the  Catfish  Creek  Basin.  This  association  has  more 
woody  species,  larger  trees,  and  more  individuals  per  hectare  than  any 
other  vegetation  type.  Thus,  it  is  the  most  heterogeneous  association. 
About  96  percent  of  the  forest  floor  is  free  of  herbaceous  vegetation. 

Many  physical  and  biotic  factors  influence  characteristics  of  the 
riparian  forest.  Major  factors  are  spring  and  winter  floods,  shallow 
topsoils,  wind-throw,  and  a  closed  canopy.  Floods  prevent  the  invasion 
of  plants  that  are  intolerant  of  water-logged  soils.  Shallow  topsoils  over 
impervious  clay  subsoils  prevent  deep-rooted  plants  as  well  as  tight  (low 
shrink-swell)  soils  that  do  not  aerate  well.  Wind-throw  topples  trees  that 
over-top  their  neighbors  or  grow  at  even  slightly  vertical  angles.  The 
closed  canopy  prevents  sunlight  from  reaching  the  forest  floor;  thus, 
excluding  shade-intolerant  plants. 

Marshes  of  the  Catfish  Creek  Basin  are  dominated  by  sedges,  rushes, 
bulrushes,  smartweeds,  burreeds,  water-tolerant  grasses,  and  floating¬ 
leaved  plants.  They  occur  in  low  areas  largely  devoid  of  water-tolerant 
shrubs  and  trees,  but  are  subject  to  their  invasion.  Marshes  occupy  about 
four  percent  of  the  Catfish  Creek  Basin  (72  hectares).  Swamps  are 
dominated  by  common  buttonbush  and  water-elm.  Like  marshes,  they 
cover  about  four  percent  of  the  Catfish  Creek  Basin. 

Although  marshes  and  swamps  occupy  only  about  eight  percent  of  the 
Catfish  Creek  Basin,  they  are  disproportionately  important  to  fish  and 
wildlife.  Many  species  are  dependent  upon  these  areas  during  all  or  at 
least  part  of  their  live  cycle.  Also,  marshes  and  swamps  are  generally 
more  productive  in  terms  of  biomass  than  the  surrounding  area. 
Furthermore,  many  species  cannot  survive  elsewhere. 

Physical  and  biotic  factors  that  caused  and  maintain  these  wetlands  are 
flooding  for  long  periods,  perhaps  aided  by  the  loss  of  upland  cover  from 
land  conversion  and  overgrazing,  logging  operations,  man-caused  and 
weather-caused  log  jams,  and  beaver  dams. 

Most  Texas  peat  bogs  occur  in  a  strip  from  about  80  kilometers  east  of 
San  Antonio  northeast  to  Louisiana.  They  are  rare,  unique,  wetland  sites. 
Many  of  these  bogs  have  been  destroyed,  primarily  by  drainage, 
protection  from  fire,  land  conversion,  and  grazing.  If  present  trends 
continue,  few  of  these  unusual  wetlands  will  survive  into  the  next 
century. 

It  is  quite  significant  that  three  bog  sites  occur  on  the  Engeling  Wildlife 
Management  Area.  Although  covering  only  about  2.5  percent  of  the  area 
(110  hectares),  they  are  important,  unusual  ecosystems.  The  largest  is 
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Andrew’s  Bog  (104  hectares)  which  surrounds,  and  is  drained  by,  D.  D. 
Spring  Branch.  The  other  two  sites  are  similar  to  Andrew’s  Bog  but 
much  smaller.  They  occur  along  Gibson  and  Long  branches.  Both  are 
springTed. 

Two  plant  communities  characterize  Andrew’s  Bog.  A  bog-forest 
community  is  dominated  by  red  maple  (Acer  rubrum),  ferns,  sweetgum, 
southern  wax-myrtle  (Myrica  cerifera),  possumhaw  viburnum  (Viburnum 
nudum),  and  downy  vibrunum  (V.  rufidulum).  A  treeless  community  is 
dominated  by  several  grasses,  sedges  and  rushes — panic  grasses  (Panicum 
sp.),  spikerushes  (Eleocharis  sp.),  lurid  sedge  (Carex  lurida),  and  common 
rush  (Juncus  effusus). 

Around  the  bog  margins  are  wetland  grasses  and  the  bog  itself  is 
covered  with  southern  wildrice.  Typical  bog-specific  plants  are:  sphagnum 
moss  (Sphagnum  magellanicum),  yellow  trumpet  pitcherplant  (Sarracenia 
alata),  sundews  (Drosera  sp.),  bogmoss  (Mayaca  aubletii),  pipeworts 
(Eriocaulon  sp.),  orchids  (Pogonia,  Calopogon,  and  Spiranthes  sp.), 
bottle  gentian  (Gentiana  saponaria),  Maryland  milkwort  (Polygala 
mariana),  and  yelloweye-grass  (Xyris  sp.). 

Between  1950  and  1965,  no  grazing  was  allowed  at  Andrew’s  Bog. 
However,  beginning  in  1965,  one  domestic  animal  was  allowed  for  every 
20  to  24  hectares.  Grazing  continued  until  1977.  Vegetation  in  the  bog 
was  burned  in  winter  to  increase  production.  No  burning  occurred  during 
the  winters  of  1971-1972  or  1972-1973.  Winter  burning  was  resumed  in 
1980  and  1985  for  the  purpose  of  preventing  the  bog  from  being 
overgrown  by  invading  woody  species. 

Most  branches  of  Catfish  Creek  are  spring-fed.  The  Engeling  Wildlife 
Management  Area  has  eight  significant  spring-fed  streams.  Gibson,  Lock, 
D.  D.  Spring,  Kidd  Spring,  Long,  Berry,  Crawford,  and  Skeet  branches. 
Gibson  and  Long  branches,  as  mentioned  above,  have  small  bog  sites. 
The  Gibson  Branch,  notably,  has  large  stands  of  hazel  alder  (Alnus 
serrulea)  along  the  banks.  Immediately  below  D.  D.  Spring  is  a  large 
stand  of  cinnamonfern  (Osmunda  cinnamonea)  and  royalfern  (O.  regalis), 
and  a  stand  of  possumhaw  viburnum.  Soils  in  the  bog  sites  of  Gibson 
and  Long  branches  and  below  D.  D.  and  Kidd  Springs  are  black,  slimy, 
soft,  deep,  and  quaking.  They  will  not  support  the  weight  of  a  human  in 
many  places.  The  areas  below  the  two  springs  may  be  developing  bog 
sites.  Kidd  Spring  emerges  from  the  base  of  a  steep  sand  bank  about  4.6 
meters  high.  It  provides  constantly  flowing,  fresh,  potable  water  and  is 
one  of  the  major  springs  in  eastern  Texas  (Mr.  George  H.  Veteto,  retired 
manager,  Engeling  Wildlife  Management  Area,  personal  communication). 

The  Catfish  Creek  ecosystem  is  (or  may  be)  permanent  or  temporary 
habitat  for  five  species  that  are  classified  as  either  threatened  or 
endangered  by  the  United  States  Department  of  the  Interior  and  four 
species  that  are  classified  as  either  threatened  or  endangered  by  the  Texas 
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Parks  and  Wildlife  Department.  There  are  no  plant  species  in  the  area 
that  are  listed  as  threatened  or  endangered. 

The  species  classified  as  threatened  by  the  United  States  Department  of 
the  Interior  is  the  American  alligator  {Alligator  mississippiensis).  Those 
species  classified  by  the  USDI  as  endangered  are:  Houston  toad  {Bufo 
houstonensis),  wood  stork  {Mycteria  americana),  bald  eagle  (Haliaeetus 
leucocephalus),  and  peregrine  falcon  {Falco  peregrinus).  Species  classified 
as  threatened  by  the  Texas  Parks  and  Wildlife  Department  are  Texas 
horned  lizard  {Phrynosoma  cornutum)  and  white-faced  ibis  {Plegadis 
chihi),  and  those  classified  as  endangered  by  the  Department  are 
paddlefish  {Polyodon  spathula)  and  Louisiana  pine  snake  {Pituophis 
melanoleucus  ruthveni). 

The  presence  of  six  of  these  threatened  and  endangered  species  has 
been  verified — American  alligator,  Texas  horned  lizard,  wood  stork, 
white-faced  ibis,  bald  eagle,  and  peregrine  falcon.  A  large  population  of 
alligators,  ranging  in  size  to  4.3  meters,  inhabit  marshes  and  swamps.  In 
mid-to  late  summer,  wood  storks  are  attracted  to  the  area  to  feed  in 
shallow  drying  marshes  and  swamps.  Recently,  white-faced  ibis  have 
nested  in  this  region  of  the  state  (Telfair,  1980). 

Management  Needs  and  Recommendations 

Fortunately,  about  half  of  the  Catfish  Creek  ecosystem  occurs  within, 
or  borders  the  eastern  boundary  of,  the  state-owned  Engeling  Wildlife 
Management  Area  (WMA),  which  is  protected  and  carefully  managed. 
Flora  and  fauna  have  been  inventorized  on  the  WMA,  but  few 
inventories  have  been  conducted  above  or  below  it.  Such  inventories  are 
important,  especially  in  the  area  of  confluence  with  the  Trinity  River. 
This  lower  reach  of  Catfish  Creek  occurs  on  the  Coffield  State  Prison 
Farm. 

The  remaining  wetlands  of  Catfish  Creek  should  be  protected  from 
future  damage.  Several  activities  threaten  the  ecosystem  and  some  are 
operative  in  the  vicinity:  1)  strip-mining  for  lignite  deposits;  2)  large-scale 
farming  and  ranching  operations;  3)  overgrazing;  4)  conversion  of  large 
areas  to  improved  pastures;  5)  reservoir  development;  6)  subdivision  of 
large  ownerships  into  smaller  tracts;  and  7)  increase  in  petroleum 
production. 

Designation  of  Catfish  Creek  as  a  National  Natural  Landmark 
officially  recognizes  this  riparian  wetland  as  a  significant  representative 
area  of  the  western  Gulf  Coastal  Plain  natural  region.  Such  designation 
does  not  affect  landownership.  However,  recognition  encourages  land¬ 
mark  owners  to  preserve  the  values  of  the  area.  Landowners  who  agree 
to  protect  their  property  participate  in  a  voluntary  nonbinding 
registration  agreement.  Their  commitment  is  formalized  by  the  National 
Park  Service.  Each  landowner  is  eligible  to  receive  a  certificate  that 
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identifies  the  special  status  of  the  area.  In  addition,  a  bronze  plaque  may 
also  be  presented  for  appropriate  display  on  the  site. 

Although  further  study  could  contribute  more  data,  thorough  studies 
have  been  made  in  about  half  of  the  Catfish  Creek  ecosystem.  These 
studies  document  that  these  bottomlands  are  of  such  significance  that 
they  are  worthy  of  inclusion  on  the  Registry  of  Natural  Landmarks. 
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JIM  WELLS  COUNTY  UNIT  ROAD  SYSTEM: 

A  CONTINUING  SAGA  OF  SOUTH  TEXAS  POLITICS 


Ross  N.  Dudney,  Jr. 

Department  of  History,  Texas  A&I  University,  Kingsville,  Texas  78363 

Abstract. — This  is  an  in  depth  field  study  of  the  Unit  Road  System,  which  is  receiving 
renewed  interest  in  some  counties  in  Texas  due  to  the  need  to  conserve  tax  dollars  in  a 
declining  economy.  This  study  followed  the  attempt  to  adopt,  on  a  local-option  basis,  such 
a  system  in  Jim  Wells  County,  Texas.  The  results  show  that  the  question  of  South  Texas 
politics,  with  deep-seated  political  concerns  such  as  elitism  and  status  quo  biases,  may  stand 
in  the  way  of  what  would  appear  to  be  the  path  of  common  sense.  Key  words:  elitism; 
ethnic  biases;  partisan  politics;  political  patronage. 

In  1985,  Jim  Wells  County,  Texas,  authorities  were  forced  to  provide 
an  election  to  decide  if  the  county  taxpayers  desired  to  place  the  county 
road  system  under  the  management  system  termed  the  Unit  Road 
System.  Given  the  indisputable  face  value  of  better  cost  accounting, 
control,  and  more  efficient  methods  of  the  Unit  Road  System,  along  with 
the  severe  economic  conditions  existing  at  the  time,  it  appeared  that  the 
choice  of  beleaguered  taxpayers  would  be  affirmative. 

Such  was  not  the  case.  To  me,  both  an  observer  and  a  limited 
participant,  this  became  a  hands-on  lesson  about  South  Texas  politics, 
complete  with  many  of  the  elements  that  gained  national  exposure  during 
the  1940s  and  1950s  when  the  political  reputations  of  Duval  County  and 
Jim  Wells  County  reached  their  zenith.  Faded  memories  of  the  infamous 
“Box  Thirteen”  controversy  involved  in  the  Coke  Stevenson-Lyndon 
Johnson  campaign  returned,  along  with  remembered  stories  about  county 
politics  in  South  Texas  communities.  Political  Science  textbook  theories 
became  animated  as  this  political  campaign  unfolded.  Case  histories 
exposing  past  instances  of  county  politics  as  usual,  fiefdoms  ruled  over 
by  individually  elected  county  commissioners,  decentralized,  patronage- 
ridden,  rural-oriented,  mismanaged  (bordering  on  the  corrupt),  and 
informal,  “good  ol’  boy”  politics  took  on  new  life.  There  was  no  violence 
or  radical  expose,  but  such  things  as  the  biases  of  politics  as  usual  and  of 
the  reform  groups  became  more  meaningful  when  observed  in  action.  For 
the  most  part,  the  classroom  theories  can  be  identified  in  such  a  field 
exercise.  However,  it  is  most  interesting  to  observe  how  political  theory 
or  structure,  as  well  as  public  law,  can  be  circumscribed  or  prostituted  by 
real  politics.  South  Texas  style. 

One  of  the  most  significant  functions  of  county  government  in  Texas  is 
the  responsibility  for  the  rural  roads  within  its  jurisdiction.  The 
management  of  these  roads  involves  huge  outlays  of  tax  dollars. 
Certainly  no  one  would  argue  against  the  importance  of  well-maintained 
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highways  in  the  era  of  the  automobile  and  in  a  state  so  large  as  Texas. 
Indeed,  the  highways  are  one  of  the  unifying,  civilizing  factors  in  this  or 
any  other  age  (Gilbertson,  1917).  They  are  commercially  necessary  in 
order  that  produce  may  reach  markets,  goods  come  to  the  hands  of 
consumers,  and  students  attend  schools  no  longer  located  in  remote,  rural 
villages,  but  in  consolidated  systems  of  larger  communities.  The  absolute 
necessity  of  adequate  roads  and  the  high  cost  of  construction  and 
maintenance  of  roads  make  it  imperative  that  counties  operate  their 
network  of  roads  in  the  most  efficient  and  economical  way  possible. 

There  exist  in  Texas  two  broad  systems  by  which  county  governments 
set  policy,  make  decisions,  and  implement  the  operation  of  their  roads. 
The  older  of  the  two  systems  generally  is  termed  the  precinct  system.  In 
its  pure  form,  a  county’s  road  funds  are  divided,  by  commissioner  court 
agreement,  largely  arbitrarily  and  often  as  result  of  negotiation,  among 
the  commissioners  (Givens,  1983b).  Each  county  commissioner  operates  a 
separate  facility,  located  in  his  own  precinct,  for  storage  of  supplies  and 
maintenance  of  equipment.  The  commissioner  employs  and  terminates  his 
own  road  personnel,  orders  and  purchases  supplies,  handles  complaints 
and  requests,  and  decides  which  road  work  will  be  done,  and  when  and 
how  the  work  will  be  done  (Call,  1959).  In  essence,  the  commissioner 
becomes  the  road  administrator  of  his  precinct  with  absolute  authority  in 
his  “own  personal  road  fief”  (Givens,  1983a).  One  major  and  repeated 
complaint  about  the  precinct  system  is  that  county  roads  are 
administered  by  elected  officials,  who  often  are  totally  unqualified  for 
this  particular  part  of  their  job.  This  is  not  a  new  complaint,  as  this 
passage,  originally  written  in  1917,  reflects: 

The  whole  public  road  function  is  rooted,  historically,  in  the  tradition  of  the  people’s 
infinite  political  versatility  and  infallibility.  The  true  democrat  of  the  nineteenth  century 
never  doubted  his  ability  to  select  and  control  the  human  agents  for  executing  a 
technical  and  difficult  engineering  problem,  which  has  baffled  the  resources  of  modern 
specialists.  And  so,  to  this  day,  the  management  of  road  construction  and  care  over  a 
great  portion  of  the  country  is  entrusted  to  a  farmer,  a  blacksmith,  a  plumber,  or  some 
other  species  of  layman  who  has  sufficient  popularity  with  his  neighbors  and  the 
county  chairman  to  get  himself  chosen  as  county  supervisor  (Gilbertson,  1917). 

The  newer  system  by  which  Texas  counties  can  operate  their  roads 
generally  is  termed  the  County  Unit  Road  System.  In  1947,  the  Texas 
legislature  passed  an  act  labeled  as  the  Optional  County  Road  Law  under 
which  county  commissioners  can  establish  a  county  road  department 
under  the  direction  of  a  county  road  engineer,  who  would  supervise  all 
road  work  in  the  county  and  supervise  all  county  road-crew  employees 
(Carrico,  1984).  This  system  of  road  administration  is  used  in  whole  or  in 
part  in  a  majority  of  the  states  (Corpus  Christi  Caller-Times,  28  July 
1984).  In  Texas,  it  exists  on  a  local-option  basis  (Call,  1959),  and  a 
county  can  adopt  the  unit  road  system  by  a  majority  vote  in  a  special 
election  called  for  by  petitions  containing  signatures  numbering  10 
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percent  of  the  county  vote  for  governor  in  the  last  general  election  (Call, 
1959). 

Proponents  of  the  County  Unit  System  point  to  an  impressive  array  of 
improvements  possible  under  the  centralized  reorganization  that  results 
from  the  new  system.  An  important  improvement  lies  in  the  area  of 
accounting  and  budget  control.  The  unit  system,  if  directed  by  an  able 
administrator,  can  encompass  up-to-the  minute  budget  control,  keeping 
expenditures  in  line  with  anticipated  revenues.  Further,  centralized 
management  and  financial  reporting  is  useful  to  commissioners  in  making 
policy  and  budget  decisions.  In  precinct  systems,  trying  to  get  a  firm 
grasp  of  county  expenses  is  “like  trying  to  squeeze  ice  cream.  There  are 
too  many  expenditures  from  too  many  accounts  kept  in  too  many  books, 
if  kept  at  all”  (Givens,  1983a). 

An  additional  savings  under  the  Unit  Road  System  results  from  the 
cessation  of  duplication,  yea  even  quadruplicating,  of  road  machinery. 
And  the  road  equipment  can  be  maintained  better  in  a  central  shop 
where  systematic  pooling  allows  for  maximum  usage.  Information  from 
officials  of  counties  that  recently  adopted  the  Unit  Road  System  confirms 
this.  The  auditor  of  Tom  Green  County,  of  which  the  city  of  San  Angelo 
is  the  county  seat,  reported  that  his  county  saved  $225,000  the  first  year 
of  its  centralized  operations  because  it  was  able  to  eliminate  the  need  for 
heavy  equipment  that  commissioners  had  planned  to  purchase  (Givens, 
1983a).  Walter  Neaves,  the  county  engineer  in  Bell  County  of  central 
Texas,  reported  that  in  the  two  years  since  adoption  of  the  Unit  Road 
System,  the  county  had  reduced  the  number  of  pieces  of  equipment  by 
about  25  percent  (Givens,  1983c).  Heavy  construction  equipment  required 
for  road  maintenance  certainly  represents  a  large  investment  of  taxpayer 
dollars  and  judicious  reductions  in  this  necessary  element  of  road  work 
should  be  welcome.  Also,  a  centralized  professional  road  administration 
minimizes  favoritism,  waste,  and  abuses,  such  as  work  performed  by 
county  equipment  and  county  employees  for  private  interests.  Taxpayers 
also  get  more  for  their  money  when  county  commissioners  are  freed  from 
daily  road  operations  and  the  politics  of  roadbuilding,  giving  them  more 
time  to  spend  in  county  administrative,  financial,  and  policy  matters 
(Givens,  1983c).  The  strongest  argument  for  this  system  lies  in  the  fact 
that  it  is  less  expensive  to  operate  a  Unit  Road  System  than  a  precinct 
system.  Exhaustive  studies  of  counties  that  have  had  the  unit  system  for 
more  that  30  years  show,  conclusively,  that  this  system  is  more  efficient 
and  less  expensive  than  the  precinct  system  (Givens,  1983c). 

Given  this  evidence,  the  question  continues  to  plague:  Why  have  only 
39  counties  in  Texas  taken  advantage  of  this  opportunity  to  insure  the 
most  judicious  use  of  tax  dollars?  Why  is  Texas  the  only  state  that 
continues  to  use  the  archaic,  precinct  method  to  administer  the  majority 
of  its  county  road  systems?  Perhaps  an  examination  of  more  recent 
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county  excursions  into  these  areas  will  shed  some  light  on  these 
questions. 

In  1984,  the  voters  in  Nueces  and  Bee  counties  approved  Unit  Road 
Systems.  However,  the  margins  of  victory  were  narrow,  and  proponents 
of  the  system  had  been  trying  to  win  its  adoption  since  1948.  It  is 
interesting  to  note  that  Nueces  County  records  of  road  fund  expenditures 
reveal  total  expenditures  of  $2,786,195  for  the  period  of  1  January  1984 
through  30  June  1984  and  total  expenditures  of  $2,150,177  for  the  same 
period  of  time  in  1985  after  the  Unit  Road  System  was  instituted 
(unpublished  data  from  Bob  Barnes,  County  Judge,  Nueces  County, 
Corpus  Christi,  Texas). 

On  5  November  1985,  Jim  Wells  County  voters  turned  down  a  Unit 
Road  System  by  a  vote  of  2409  to  1515.  Approximately  18  percent  (3924) 
of  the  registered  voters  of  Jim  Wells  County  decided  this  issue  for  the 
approximately  45,000  people  who  live  in  the  county  (Alice  Echo-News,  6 
November  1985).  At  the  time  of  the  vote,  the  citizens  of  this  county  were 
facing  a  13  percent  tax  increase  and  the  knowledge  that  the  county  owed 
the  taxpayers  a  refund  of  approximately  $400,000  that  it  could  not  pay. 
Questions  regarding  these  complex  matters  cannot  be  answered  by  the 
simple  statement  that  the  voters  have  had  their  say. 

Because  I  am  a  resident  of  Jim  Wells  County  and  had  previously 
completed  a  research  project  on  the  Nueces  County  Unit  Road  System,  I 
was  asked  to  present  findings  from  the  research  project  to  an  elite  group 
named  the  Jim  Wells  Master  Planning  Association.  This  group  is  a 
classic  example  of  an  economically-based,  traditional  Anglo  establish¬ 
ment.  The  presentation  was  given  to  this  group  on  25  March  1985.  Two 
of  the  county  commissioners  and  the  county  judge  were  in  attendance 
although  they  are  not  members  of  the  group  (unpublished  minutes,  Jim 
Wells  County  Master  Planning  Association,  25  March  1985).  On  18  July 
1985,  I  was  asked  to  assume  the  position  of  researcher  on  the  publicity 
committee  of  the  Jim  Wells  Master  Planning  Association  as  this  group 
moved  toward  a  plan  of  action  to  promote  a  County  Unit  Roat  System 
(unpublished  minutes,  Jim  Wells  County  Master  Planning  Association,  22 
July  1985).  In  the  ensuing  months,  I  observed  political  bias,  elitism, 
status  quo  orientation,  and  ethnic  group  considerations  in  a  new  light, 
not  the  light  of  classroom  theory,  but  that  of  actual  everyday  practice. 

The  Jim  Wells  Master  Planning  Association  is  made  up  of  economic 
leaders  of  the  community.  While  a  few  members  are  Mexican-American, 
the  vast  majority  are  Anglo,  and  all  officers  are  Anglo.  The  majority  of 
Jim  Wells  County  officials  are  Mexican-American  and  the  majority  of  the 
registered  voters  are  also.  So  the  conflict  was  one  of  an  economically- 
based,  traditional,  Anglo  establishment,  seeking  to  alter  the  status  quo, 
confronted  by  a  recalcitrant  and  more  popularly  based  minority  ethic 
elite,  whose  power  rests  on  numbers,  organization,  and  public  office. 


JIM  WELLS  COUNTY  UNIT  ROAD  SYSTEM 


29 


One  revelation  concerned  the  Right  to  Information  Law.  It  does  exist, 
but  all  governmental  offices  like  to  function  in  private  and  many  “smoke 
screens”  can  be  raised  before  the  legitimate  request  of  a  citizen  for 
information  will  be  honored.  It  took  almost  two  months  to  secure  copies 
of  the  Jim  Wells  County  budgets  from  1983  up  to  1985,  and  copies  were 
secured  only  after  a  request  forwarded  by  an  attorney.  It  took  almost  two 
weeks  to  get  the  county  surveyor  to  release  the  number  of  miles  of 
county  roads  in  Jim  Wells  County.  He  felt  he  had  to  have  permission 
from  the  county  auditor  before  he  could  release  this  “important” 
information. 

When  the  information  was  received  (only  three  years  of  five  years 
requested  were  received),  it  was  learned  that  this  county  had  no  cost 
accounting  procedures  and  that  county  budgets  were  estimates  only  and 
made  up,  in  final  form,  at  the  end  of  the  year.  In  this  case,  final  budgets 
showed  what  occurred  and  were  not  used  during  the  year  as  a  method  of 
controlling  county  spending.  One  revelation  provided  by  these  “budgets” 
was  that  the  cost  of  maintaining  557  miles  of  county  roads  has  increased 
each  year  (Jim  Wells  County  Budget,  1983-1985  pp.  46-62).  No  new 
county  roads  have  been  built  in  Jim  Wells  County  since  1948.  Also,  there 
was  no  inventory  of  county  equipment.  All  expenditures  were  for 
maintenance.  A  visit  to  the  County  Court  during  regular  session  also  was 
of  interest.  Each  commissioner  presented  his  weekly  bills  in  the  form  of  a 
large  brown  envelope  presumably  stuffed  with  supportive  invoices.  These 
envelopes  were  not  opened  and  examined,  but  the  total  amount  was 
routinely  approved  upon  a  voice  vote  when  the  commissioner  presenting 
the  brown  envelope  stated:  “I  have  billings  for  $10,000  [or  whatever 
amount]  this  week.”  Examination  of  the  contents  of  some  of  the  brown 
envelopes  revealed  some  actual  business  invoices.  However,  many  of  the 
“invoices”  consisted  of  white  pieces  of  paper  (chits)  with  such  notations 
as:  “I  owe  Joe’s  back-hoe  service  $50.”  It  was  observed  that  the  number 
of  these  “chits”  increased  as  the  dates  of  elections  grew  nearer. 

The  single  highest  expenditure  in  the  county  budget  was  for  labor.  The 
political  patronage  system  of  hiring  by  individual  commissioners  was  one 
of  the  strongest  reasons  given  by  commissioners  for  not  supporting  the 
Unit  Road  System.  One  commissioner  told  me  that  he  felt  it  was 
important  to  be  able  to  hire  someone  who  “needs  to  work  a  couple  of 
weeks  to  pay  his  electric  bill.”  Note  that  the  criteria  for  hiring  this 
“worker”  are  not  that  the  county  is  short-handed  or  that  the  “worker”  is 
especially  qualified  for  some  position,  but  that  he  needs  to  work  for  two 
weeks  to  pay  his  electric  bill.  It  would  seem  illogical  to  attempt  to  refute 
the  assumption  that  such  hiring  practices  pay  special  dividends  when 
commissioners  face  reelection. 

Elitism  is  also  present  in  the  ranks  of  those  who  attempted  to  reform 
the  Jim  Wells  County  road  system.  This  movement  was  headed  by  a  local 
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banker  who  was  president  of  the  local  branch  of  a  large  banking  group. 
He  was  assisted  by  a  local  businessman,  one  of  the  largest  employers  in 
the  county.  The  local  banker  held  many  “committee”  meetings  in  is 
offices  in  order  to  “see  where  we  are.”  On  one  occasion  (16  October 
1985),  he  called  36  men  on  the  telephone  and  informed  each  of  them,  “I 
need  a  check  from  you  for  $250  to  help  pay  for  our  advertising  program 
for  the  Unit  Road  System.  Have  your  secretary  run  it  by  my  office 
tomorrow.”  He  also  contracted  with  Morehead,  Dott,  and  LaPorte,  Inc., 
to  provide  surveys  and  phone  banks,  advertising,  and  consultations  for 
which  they  presented  a  billing  estimate  of  $15,150  (unpublished  billing, 
Morehead,  Dott,  &  LaPorte,  Inc.,  1985).  It  is  interesting  to  note  that  the 
men  called  did  not  turn  the  local  banker  down.  As  a  matter  of  fact,  this 
writer  was  approached  by  him  for  a  contribution  and  dutifully  wrote  out 
his  check  for  $200. 

On  another  occasion,  (17  October  1985),  the  local  banker  called  the 
businessman  who  was  assisting  and  asked  him  if  he  would  supply  10  to 
20  of  his  “girls”  to  serve  as  telephone  survey  operators  each  night  from 
5:30  PM  until  8:30  PM  for  seven  nights.  The  businessman  stated  he 
would  and  the  matter  was  settled.  The  “girls”  were  employees  of  the 
businessman’s  company,  and  one  wonders  if  they  were  asked  if  they  were 
for  this  new  system  or  if  they  were  simply  told  they  needed  to  help  with 
this  matter.  At  any  rate,  they  did  show  up  and  called  more  than  3000 
voters  to  urge  them  to  vote  in  this  election.  They  were  supplied  with  a 
fact  sheet  giving  information  on  the  Unit  Road  System  designed  to 
influence  voters  to  vote  for  this  system.  An  interesting  side  note  is  that 
on  29  October  1985,  a  commissioner  entered  the  local  banker’s  building 
at  about  8:00  PM  and  began  to  harass  the  girls  who  were  working  the 
telephone  survey.  The  local  banker  was  called,  and,  upon  his  arrival,  he 
entered  into  a  heated  argument  with  the  commissioner  and  ordered  the 
commissioner  out  of  the  bank. 

The  commissioners  and  county  judge  did  not  openly  oppose  the  Master 
Planners  during  the  petition  drive,  but  when  the  petitions  were  presented 
to  the  county  clerk  on  30  September  1985,  the  county  judge,  Roberto 
Guerra,  made  his  presence  felt  at  once.  He  first  ordered  the  county  clerk 
to  verify  the  signatures  of  each  petitioner  by  comparing  the  signature  on 
the  petition  with  the  signature  on  the  petitioner’s  voter  registration  card. 
The  county  clerk  reminded  the  judge  that  this  would  not  be  possible 
because  it  is  legal  for  husbands  and  wives  to  sign  each  other’s  voter 
registration  card.  The  Master  Planners  held  an  emergency  meeting  on 
Tuesday,  1  October  1985.  At  this  meeting,  attorney  Homer  Dean  told  the 
group,  “Judge  Guerra  does  not  plan  to  put  the  petition  on  the  agenda.” 
Mr.  Dean  also  told  the  group,  “Guerra  doesn’t  have  the  authority  to  keep 
it  off  the  agenda.”  The  Master  Planners  voted  to  seek  a  writ  of 
mandamus  in  district  court  if  the  item  was  not  placed  on  the  agenda.  If 
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successful,  such  action  would  force  the  judge  and  court  to  “perform  its 
duty”  (unpublished  minutes,  Jim  Wells  Master  Planning  Association,  1 
October  1985).  The  following  day,  I  was  instructed  by  the  banker  to  go 
to  the  offices  of  one  of  the  community’s  leading  citizens,  Mr.  Lucien 
Flournoy,  to  inquire  what  pressures  might  be  exerted  on  the  judge  or 
court  to  force  compliance  with  the  wishes  of  the  Masters  Planners.  Mr. 
Flournoy,  a  successful  oil  man,  is  a  staunch  Democrat  and  is  an  intimate 
friend  of  many  Democratic  political  leaders  in  both  Austin  and 
Washington,  D.C.  A  vice  president  of  Mr.  Flournoy’s  company,  Mr. 
Peterson,  made  one  short  telephone  call  to  Austin.  In  about  five  mintues, 
a  member  of  the  staff  of  the  office  of  the  secretary  of  state  called  and 
informed  us  of  sections  in  the  state  statutes  whereby  the  Master  Planners 
could  bypass  the  county  judge  and  force  this  matter  on  the  agenda  by 
only  two  commissioners  calling  for  the  election.  At  this  point,  two 
commissioners  were  willing  to  do  this.  By  Friday,  3  October  1985,  the 
judge  “threw  in  the  towel,”  and  the  county  court  voted  unanimously  to 
place  this  matter  on  the  November  fifth  ballot.  The  Jim  Wells  Master 
Planning  Association  breathed  a  sigh  of  relief  and  made  plans  to  build  a 
speaking  group  to  “educate  the  public.” 

Three  days  before  the  election,  the  commissioners  passed  a  resolution 
against  adoption  of  the  Unit  Road  System.  Commissioner  Laughlin 
stated:  “We  think  the  people  who  are  for  the  Unit  Road  System  are 
sincere  but  we  think  they  are  wrong.  Members  of  the  commissioners 
court  are  most  knowledgeable  about  road  and  bridge  matters.  This  is  the 
best  system  of  all.  The  only  way  to  really  serve  the  people  of  this  county 
is  with  the  present  system”  (Alice  Echo-News,  3  November  1985).  Each  of 
the  commissioners  bought  large  blocks  of  time  on  all  the  local  radio 
stations  and  provided  negative  messages,  in  both  English  and  Spanish, 
regarding  the  Unit  Road  System.  Their  major  thrust  was  that  this  new 
system  would  cost  many  workers  their  jobs,  decrease  services  to  rural 
areas,  and  increase  cost  because  of  a  large  central  staff.  On  election  day, 
commissioners  provided  drivers  and  buses  to  bring  voters  to  the  polls. 

Given  the  evidence  supporting  the  Unit  Road  System,  it  appears  that 
common  sense  should  assert  itself  in  the  realm  of  county  government. 
The  Unit  Road  System  brings  coherence  and  efficiency  to  county 
roadbuilding  and  maintenance  operations:  it  eliminates  duplication  and 
waste.  The  idea  is  clearly  a  winning  one  (Editorial,  Corpus  Christ!  Caller- 
Times,  17  October  1985).  However,  partisan  politics,  elitism,  biases,  and 
ethnic  questions  may  stand  in  the  way  of  common  sense.  In  this  case,  it 
appears  that  the  voters  have  spoken,  but  not  necessarily  to  the  issue  at 
hand.  Precincts  Three  and  Four  represent  the  communities  of  Orange 
Grove  and  Premont,  which  are  located  in  the  northern  and  southern 
most  parts  of  the  county,  respectively.  The  vote  indicates  these 
communities  feared  loss  of  jobs  and  services  if  the  Unit  Road  System  was 
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passed  and  then  centralized  in  the  county  seat  of  Alice.  Their 
commissioners  had  told  voters  this  centralization  would  likely  occur.  To 
these  outlying  communities,  such  information,  though  false,  caused  them 
to  view  the  Unit  Road  System  as  an  anathema.  In  Alice,  the  vote  appears 
to  have  been  heavily  influenced  along  ethnic  lines.  The  speakers  for  the 
Master  Planners  were  mostly  Anglos  and  either  attorneys  or  successful 
businessmen.  These  speakers  spoke  to  such  groups  as  the  County  Bar 
Association,  Alice  Realtors,  and  The  Desk  and  Derrick  Club.  The  rural 
and  Mexican-American  voters  undoubtedly  perceived  this  group  as  Anglo 
elitist,  both  politically  and  economically.  The  Master  Planners  attempted 
to  work  their  message  from  the  top  down.  The  opposition  did  just  the 
opposite.  The  results  are  now  history. 

Given  the  economic  conditions  of  shrinking  tax  revenues  and  growing 
expectations  for  services,  it  would  appear  that  this  question  will  have  to 
be  considered  again  in  the  near  future.  Perhaps  experiences  of  some  sister 
counties  that  have  just  changed  over  to  the  new  system  will  provide 
enough  hard  evidence  to  enable  those  in  Jim  Wells  County  to  put  aside 
partisan  and  ethnic  feelings  in  the  interest  of  providing  the  best  possible 
use  of  hard-earned  tax  dollars  to  give  every  citizen  the  best  quality  of  life 
possible. 
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THE  COUNTY  UNIT  ROAD  SYSTEM:  ANOTHER  VIEW 
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Abstract. — Ross  Dudney’s  article  on  the  defeat  of  the  County  Unit  Road  System  in  Jim 
Wells  County  offers  a  useful  account  by  an  “insider”  of  county-level  politics  in  South  Texas. 
Dudney  seems  inclined  to  accept  the  reformers’  rationalization  that  their  actions  were  in  the 
name  of  economy  and  the  public  interest.  Opponents  are  seen  as  acting  irrationally, 
selfishly,  or  both.  An  alternative  explanation  is  that  everyone  involved  acted  consistently 
with  his  self-interest.  Reformers  appear  to  have  been  members  of  a  local  economic  elite 
advancing  its  own  interest.  Opposition  leaders  form  a  subordinate,  partially  co-opted, 
political  elite  seeking  to  protect  its  power  base.  The  strongest  voter  opposition  came  from 
rural  and  minority  voters  who  evidently  feared  loss  of  employment  opportunities  or 
governmental  services  geared  especially  to  meet  their  needs,  or  both.  Citizens  with  no 
special  interest  in  preserving  the  existing  system  were  more  likely  to  vote  favorably  on  the 
proposal,  which  promised  to  make  more  economical  use  of  their  tax  dollars.  Key  words: 
County  Unit  Road  System;  local  government;  reform  model;  politics-management 
dichotomy;  Texas. 


South  Texas  politics  is  the  subject  of  an  abundance  of  myth,  rumor, 
secondhand  reports,  often  self-serving  personal  papers  and  memoirs,  and 
of  many  “tall  tales.”  Lacking,  however,  is  a  substantial  body  of  reliable, 
carefully  researched,  professionally  competent  studies  of  politics  in  the 
region.  There  are  a  few  notable  exceptions  (Shockley,  1974;  Anders, 
1982)  to  this  exclusion.  Dudney’s  study  (previous  article  in  this  volume) 
of  Unit  Road  System  politics  in  Jim  Wells  County  now  may  be  added  to 
the  list  of  exceptions.  Dudney  offers  a  rare,  carefully  researched  glimpse 
into  the  inner  workings  of  an  established  Anglo  elite  in  a  predominantly 
Mexican-American  South  Texas  community.  Taking  good  advantage  of 
his  position  as  a  participant-observer,  Dudney  remains  faithful  to  his 
scholarly  responsibility  to  report,  as  fact,  only  that  which  he  was  able  to 
observe  directly,  or  to  verify  through  reliable  sources. 

This  essay  neither  challenges  the  facts  offered  by  Dudney,  for  they 
seem  unassailable,  nor  does  it  seek  to  glorify  politics  as  usual  in  Jim 
Wells  County.  However,  any  body  of  factual  information  about  politics  is 
open  to  multiple  interpretations.  Dudney  views  Unit  Road  System 
politics  from  a  particular  perspective.  His  perspective  is  that  of  the 
reform  model  of  local  government.  My  position  is  that  this  model,  while 
applicable  to  the  reform  effort  studied  by  Dudney,  provides,  at  best,  an 
incomplete  explanation  of  what  the  reformers  sought  to  accomplish.  The 
alternative  view  offered  here  is  based  on  several  published  critiques  of  the 
reform  model  (Merton,  1957;  Hays,  1964;  Lowi,  1967;  Harrigan,  1981; 
Jones,  1983;  Judd,  1984).  Both  perspectives  are  heavily  normative,  biased. 
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and  incomplete.  Taken  together,  however,  they  should  help  to  clarify  the 
nature  of  the  issues  raised  by  the  proposed  Unit  Road  System,  and  some 
of  the  likely  consequences  should  the  system  win  adoption. 

There  is  no  significant  political  science  literature  on  the  Unit  Road 
System  itself  or  on  its  political  implications.  This  is  another  gap  that 
Dudney’s  study  will  help  fill.  There  is,  however,  a  significant  and  related 
literature  that  focuses  on  municipal  reform  (Steward,  1950;  Childs,  1952). 
The  Unit  Road  System  is  closely  modeled  on  the  council-manager  form 
of  city  government,  which  is  the  centerpiece  of  the  set  of  structural 
improvements  sought  by  reformers  at  the  municipal  level.  Inasmuch  as 
both  the  Unit  Road  System  and  Dudney’s  own  perspective  embody  the 
major  assumptions  of  the  municipal  reform  movement,  an  examination 
of  the  reform  model  may  help  clarify  the  objectives  and  potential 
consequences  of  the  effort  to  reform  policy-making  and  administration 
with  respect  to  county  roads  in  Jim  Wells  County. 

The  Reform  Model  of  Local  Government 

The  reform  model  rests  on  the  normative  judgment  that  politics  and 
power  are  unnecessary  and  undesirable  in  the  management  of  local  public 
affairs.  The  municipal  reform  model  includes,  besides  advocacy  of  the 
council-manager  form,  a  call  for  at-large  nonpartisan  elections,  civil 
service  systems,  the  initiative,  the  recall,  and  the  referendum.  The  reform 
model  presumes  that  a  sharp  distinction  can,  and  should,  be  drawn 
between  politics  and  administration  (Harrigan,  1981:92;  Jones,  1983:249; 
Judd,  1984:98).  Politics  involves  power  and  is  necessary  where  values  and 
goals  are  unsettled.  Fortunately,  reformers  believe,  such  is  not  the  case 
when  it  comes  to  running  local  government.  At  the  local  level,  the  ends 
of  government  seem  clear-cut  and  not  subject  to  legitimate  dispute.  The 
business  of  local  government  is  to  provide  services:  streets,  utilities,  police 
and  fire  protection,  parks  and  recreation,  and  others.  These  services 
should  be  administered  as  efficiently  and  economically  as  possible  to 
provide  maximum  benefit  to  all  citizens.  Local  government  should  be  run 
like  a  business — that  is,  according  to  principles  of  scientific  management. 
These  principles  are  believed  to  be  subject  to  objective  (scientific) 
definition  and  application  by  professionally-trained  experts  (career 
administrators  or  managers),  who  should  be  charged  with  responsibility 
for  managing  local  affairs  with  minimal  interference  from  elected  (that  is, 
political)  officials.  Besides  efficient,  cost-effective  operation,  the  only 
major  legitimate  objective  of  local  government  is  to  encourage  economic 
development  (promote  a  favorable  business  climate)  for  the  community 
as  a  whole.  At  its  best,  reformers  believe,  a  reformed  local  government 
should  “be  run  not  only  as  a  business  but  for  business”  (Judd,  1984:113- 
114). 
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For  reform  advocates,  the  choice  is  a  simple  one  between  honest, 
moral,  rational,  efficient,  low-cost,  nonpolitical,  local  government, 
dedicated  to  economic  development  and  the  public  good,  or  its  opposite. 
The  opposite,  unreformed  local  government,  is  seen  as  political,  partisan, 
irrational,  inefficient,  undemocratic  (boss-ruled),  catering  to  parochial 
and  selfish  interests,  patronage-ridden,  prone  to  favoritism,  and  often 
corrupt.  (For  more  information  concerning  the  tenets  of  reform,  consult: 
Lowi,  1967:99-100;  Harrigan,  1981:88-104;  Jones,  1983:240-255;  Judd, 
1984:84-107.) 


Critique  of  the  Reform  Model 

The  reform  model  has  shaped  much  of  the  structure  of  local 
government  since  the  early  1900s  (Judd,  1984:90-96).  The  model  still  is 
accepted  by  many  political  scientists  (Jones,  1983:249)  and  is  the 
prevailing  doctrine  among  those  who  train  management-level  personnel 
for  local  governments.  The  model,  however,  has  been  subjected  to  a 
piercing  critique  by  political  scientists  who  specialize  in  urban  politics 
and  public  policy  (Lowi,  1967:83-92;  Harrigan,  1981:93,  107-113;  Jones, 
1983:256-260;  Judd,  1984:107-114).  This  critique,  though  dismissed  by 
admirers  of  the  reform  model,  has  become  firmly  ensconced  in  textbooks 
on  public  policy  and  urban  politics  (Jones,  1977;  Harrigan,  1981;  Jones, 
1983;  Judd,  1984). 

Whereas  the  reform  model  begins  with  the  assumption  that  politics  and 
administration  must  be  kept  distinct,  the  critique  of  reform  denies  this 
possibility  and  assumes  the  inevitability  of  conflict  in  the  process  of 
governance — even  in  its  administrative  phase.  What  we  have  are  two 
vastly  different  conceptions  of  government.  “One  views  government 
as ...  an  exercise  in  technology”  (Jones,  1983:259).  The  other  sees 
government  “as  a  way  of  resolving  competing  [claims]”  (Jones,  loc.  cit.). 
For  one,  “‘politics’  is  a  dirty  word”  (Lowi,  1967:86);  for  the  other,  it  is 
the  essential  lubricant  that  makes  social  life  and  governance  possible. 
From  the  latter  point  of  view,  the  reform  ideology’s  denial  of  politics  is 
either  hopelessly  utopian  or  simply  a  guise  masking  the  reformers’  own 
political  program. 

Critics  of  reform  strongly  resist  the  notion  that  local  public  interest  can 
be  objectively  identified.  In  practice,  governmental  policies  and  their 
implementation  always  bring  “disproportionate  benefits  to  some  .  .  .  and 
disproportionate  costs  to  other[s].”  “All  actions  are  biased.”  “There  is,” 
quite  simply,  “no  absolutely  fair  way  to  apportion  the  costs  and  benefits 
of  [public  policy]”  (Harrigan,  1981:5).  What  reformers  characterize  as  a 
contest  between  politics  and  impartial  administration  is,  for  critics, 
simply  a  political  conflict  over  who  should  rule.  The  issue,  then,  is  not 
''whether''  reformed  governments  will  be  politically  responsive,  but  “to 
whom  and  under  what  circumstances"  (Jones,  1977:221). 


36 


THE  TEXAS  JOURNAL  OF  SCIENCE— VOL.  40,  NO.  1,  1988 


Administration,  or  policy  implementation,  is  inherently  politicized  in 
reformed  structures  for  two  reasons.  The  first  is  that,  regardless  of  the 
level  or  structure  of  government,  politically  responsible  policy-makers 
commonly  delegate  the  resolution  of  difficult  political  issues  to  either 
appointed  or  career  administrators.  The  result  is  sometimes  labeled 
‘“administrative  discretion’”;  whatever  it  is  termed,  what  it  amounts  to  is 
the  power  to  “‘interpret’”  the  meaning  of  policy;  and  that  becomes  the 
power  to  decide  (Jones,  1977:152).  Gaus  (1947)  noted  that  administration 
involves  not  merely  management,  but  “a  reconsideration  of  the  policy 
being  implemented.”  Lowi  (1969:126)  maintained  that  the  extent  of  such 
delegation  of  power  is  often  so  great  that  the  consequence  is  “‘policy 
without  law.’” 

The  second  reason  that  administration  is  increasingly  treated  as 
politicized  is  that  “bureaucrats  themselves  are  involved  in  other  [phases 
of  policy-making]”  (Jones,  1977:140).  Specifically,  administrators  often 
play  a  key  role  in  the  formulation  and  implementation  of  the  broad 
policies  they  are  later  charged  with  implementing.  This  is  especially  true 
in  reformed  local  structures.  Typically,  elected  legislators  and  executives 
are  part-time,  citizen-politicians  who  lack  the  time,  experience,  or 
information  to  exert  either  strong  policy  leadership  or  effective  oversight 
over  a  hired  manager.  In  the  council-manager  form  of  municipal 
government,  it  “is,  more  often  than  not,  the  [city  manager]  who  initiates 
policy  proposals”  (Harrigan,  1981:102).  It  is  he  to  whom  citizens  and 
community  organizations  look  for  policy  leadership.  Most  often  the 
manager’s  recommendations  are  accepted  by  the  council.  If  reform 
advocates  were  to  have  their  way,  things  would  be  much  the  same  in  the 
county  with  adoption  of  the  Unit  Road  System  accompanied  by  its 
professionally-trained  county  engineer-administrator. 

Critics  of  the  reform  model  agree  on  two  points  concerning  the 
political  consequences  of  reformed  structures:  1)  those  structures  have  an 
upper-class  bias,  and  2)  reformed  structures  are  not  particularly 
responsive  to  political  demands  (Hays,  1964;  Lowi,  1967;  Jones,  1983; 
Judd,  1984).  “Empirical  results  uniformly  document  [the]  upper-class 
[status  of  reformers]”  (Judd,  1984:116).  Reformed  government  does  not 
bestow  immediate,  obvious,  substantive  policy  benefits  on  upper-class 
elements.  It  does,  however,  in  the  name  of  taking  politics  out  of  local 
government,  restructure  policy-making  so  that  it  is  more  responsive  to 
upper-class,  business  interests.  This  is  accomplished  by  transferring 
critical  decision-making  opportunities  from  elected  officials  to  “Neutral 
Specialists”  (Lowi,  1967:87).  These  bureaucratic  power-wielders  are 
frequently  inaccessible  to  people  who  lack  the  advantages  of  education, 
status,  and  wealth.  Career  administrators  are,  however,  “much  easier  [for 
upper-class  business  leaders]  to  handle  than  the  politically  sensitive, 
elected  commissioners”  (Judd,  1984:109).  The  professional  manager  needs 
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the  cooperation  of  business  and  community  leaders  to  achieve  his  own 
objectives,  especially  that  of  economic  development.  Members  of  elite 
groups  instinctively  clothe  their  appeals  for  private  gain  in  the  respectable 
reform  rhetoric  of  the  public  interest.  Lower-class  and  minority  citizens 
may  unknowingly  breach  the  local  administrator’s  sense  of  ethics  and 
propriety  by  making  unmasked  appeals  for  governmental  assistance  with 
private  or  parochial  problems.  One  critic  laments;  while  traditional 
politics  may  have  been  corrupt,  they  “were  sometimes  responsive  to 
working  class  constituencies.  The  new  [reformed]  bureaucracies  .  .  .  [are] 
not  likely  to  be  responsive  at  all”  (Judd,  1984:114). 

Other  consequences  of  reform  indicate  that  many  municipal  reform 
objectives  have,  indeed,  been  accomplished.  While  graft  and  inefficiency 
have  hardly  been  eradicated,  reformed  municipalities  are  typically  more 
efficient  and  cost  effective  than  unreformed  municipalities.  They  spend 
less,  tax  less,  and  tend  to  be  more  supportive  of  “public-spirited”  projects 
sponsored  by  establishment  leaders.  Theodore  Lowi  is  unimpressed.  Such 
communities,  he  wrote,  are  “well-run,  but  ungoverned”  (Lowi,  1967:87). 

A  caveat  seems  prudent  at  this  point.  It  is  almost  a  truism  that  reforms 
of  political  structure  never  live  up  entirely  to  either  their  stated  or 
unstated  objectives.  Further,  reforms  usually  have  entirely  unanticipated, 
if  not  wholly  undesirable,  consequences  as  well  as  those  that  may  have 
been  sought.  Thus,  the  actual  consequences  of  municipal  reform  have 
often  been  less  far-reaching  than  would  have  been  anticipated  in  view 
either  of  the  reform  model  or  of  the  critique  of  that  model.  In  addition,  it 
is  doubtful  that  the  proposed  Unit  Road  System  incorporates  sufficient 
structural  features  from  the  municipal  reform  package  to  fully  support 
the  expectations  of  unit  road  advocates.  This  caveat  to  one  side,  however, 
the  proposed  Unit  Road  System,  typical  of  reform  in  general,  would 
likely,  if  implemented  as  planned,  best  serve  the  interests  of  its  own 
advocates. 

The  Unit  Road  System:  Politics  or  Neutral  Management 

Dudney  is  not  a  traditional  reform  advocate.  He  is  objective  enough  to 
recognize  the  elitist  nature  of  support  for  the  Unit  Road  System  in  Jim 
Wells  County.  However,  he  does  seem  to  attribute  elite  support  more  to 
the  public-spiritedness  of  the  elite  than  to  its  self-interest.  In  this,  and 
other  respects,  his  study  closely  adheres  to  the  main  tenets  of  the  reform 
model.  The  existing  precinct  system  is  castigated  for  a  plethora  of  defects. 
The  system  is  said  to  be  decentralized,  patronage-ridden,  rural-oriented, 
mismanaged,  and  subject  to  favoritism  and  waste.  It  is  characterized  as 
informal  “good  ol’  boy”  politics  that  borders  on  corrpution.  One 
commissioner  was  so  unrepentant  that,  according  to  Dudney’s  report,  he 
claimed  the  patronage  system  was  an  advantage  of  the  precinct  system. 
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In  contrast,  Dudney  cites  for  the  Unit  Road  System  all  the  advantages 
usually  claimed  for  reformed  structures  at  the  municipal  level.  It  is  his 
belief  that  counties  should  operate  their  roads  as  efficiently  and 
economically  as  possible.  He  believes  that  the  Unit  Road  System  is  less 
expensive  to  operate,  and  he  sees  reduced  cost  as  the  strongest  reason  for 
adopting  the  system.  The  system  would  also  reduce  favoritism,  waste,  and 
other  abuses.  Consequently,  Dudney  is  convinced  that  people  would 
receive  a  better  return  on  their  tax  dollars.  The  Unit  Road  System,  like 
reformed  municipal  structures,  is  lauded  for  its  businesslike  approach  to 
providing  governmental  services. 

Voter  rejection  of  the  Unit  Road  System  poses  difficult  questions  for 
defenders  of  the  reform  model — questions  that  Dudney  contends  are  not 
answered  by  simply  saying  the  electorate  has  spoken.  He  is  puzzled  that 
voters  would  reject  a  system  that  experience  has  proven  to  be  more  cost- 
effective  than  the  existing  precinct  system.  Although  Dudney  laments  the 
electorate’s  lack  of  common  sense,  his  article  supplies  an  adequate, 
commonsensical  explanation  of  why  voters  rejected  the  Unit  Road 
System — that  explanation  is  simple  self-interest.  As  he  reveals,  the  vote 
was  along  ethnic  and  urban-rural  lines.  Rural  and  Mexican-American 
voters  evidently  saw  reform  proponents  as  members  of  the  local  Anglo 
power  structure.  Their  perceptions  are  confirmed  by  Dudney’s  own 
observations.  He  characterizes  the  lead  reform  organization,  the  Master 
Planning  Association,  as  an  element  of  a  local  economically-based  Anglo 
elite.  The  Master  Planners,  Dudney  confirms,  sought  to  exercise  influence 
strictly  from  the  top  down.  The  opposition  pursued  a  bottom-up  strategy 
that,  not  surprisingly,  proved  popular  with  more  voters. 

Dudney’s  explanation  of  the  behavior  of  Unit  Road  System  opponents 
is  quite  satisfactory.  However,  his  attribution  of  higher  motives  to  reform 
advocates  is,  on  close  examination,  less  convincing.  To  critics  of  reform, 
there  is  nothing  particularly  reprehensible  about  political  actions  being 
guided  by  self-interest.  They  do  not  deny  a  role  for  altruism  in  politics, 
but  tend  to  feel  that  self-interest  usually  provides  a  better  explanation  of 
political  behavior  than  does  altruism.  In  this  situation,  behavior  on  both 
sides  of  the  Unit  Road  System  issue  can  be  explained  in  terms  of  the 
tangible  or  symbolic  self-interest  of  the  participants,  or  both.  Some  of  the 
evident  interests  at  stake  in  the  Unit  Road  System  controversy  for  each 
of  four  major  categories  of  participants  are  reviewed  in  Table  1. 

The  review  of  anticipated  consequences  of  the  Unit  Road  System 
reveals  that  elite  supporters  of  the  reform  proposal,  however  disinterested 
and  altruistic  their  motives,  felt  they  had  nothing  to  lose  and  quite  a  bit 
to  gain  from  its  adoption.  Urban,  middle-class  residents,  especially 
Anglos,  would  be  marginally  better-off,  but  their  gains  would  mostly  be 
collective  (shared  equally  by  all  residents)  and  symbolic  in  nature  (see 
Dahl,  1984:104-106,  for  a  discussion  of  “collective  goods”).  Lower-class, 
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Table  1.  Anticipated  effect  of  Unit  Road  System  on  interests  of  participants. 


Nature  of  effect 

Category  of  participant 

Positive 

Negative 

1.  Angelo  establishment 

a)  Tangible  interest 

1)  Less  costly 
roads 

2)  Lower  taxes 

3)  Economic 
development 

4)  Special 
advantages  for 
some  businesses 

5)  Better  benefits 
for  urban  areas 

None 

b)  Symbolic  interest 

1)  More  “public 
regarding”  policy 

None 

2.  Anglo,  urban  voters 

a)  Tangible  interest 

1)  Less  costly 
roads 

2)  Lower  taxes 

3)  Better 
benefits  for 
urban  areas 

4)  “Trickle  down” 
from  economic 
development 

None 

b)  Symbolic  interest 

1)  More  “public 
regarding”  policy 

None 

3.  Minority,  lower-class 

and  rural  voters 
a)  Tangible  interest 

1)  Less  costly 

1)  Loss  of  job  opportunities 

roads 

for  a  few 

2)  Lower  taxes 

2)  Loss  of  business 

3)  “Trickle 

opportunities  for  a  few 

down  from 

3)  Loss  of  opportunities 

economic 

for  special  services 

development 

b)  Symbolic  interest 

None 

1)  More  distant  and  impersonal 
administration 

2)  “Our  guys  are  out,  their’s  are  in” 

4.  Minority,  rural-oriented 

elite  (county  commissioners) 
a)  Tangible  interest 

1)  Less  costly 

1)  Loss  of  control  over  political 

roads 

resources  (jobs,  contracts,  favors) 

2)  Lower  taxes 

3)  “Trickle 
down”  from 

2)  Loss  of  power  and  position 

economic 

development 

b)  Symbolic  interest 

None 

1)  Loss  of  ethnic  or  rural  community 
pride  and  sense  of  importance  (or 
both) 
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rural  voters,  especially  if  they  were  also  Mexican-American,  would  accrue 
rather  minor  (and  collective)  tangible  benefits,  but  these  would  be  more 
than  offset  by  both  tangible  and  symbolic  losses — some  quite  specific. 
The  rural  and  Mexican-American  political  elite  had  much  to  lose  and  no 
more  to  gain  than  any  other  citizens.  Their  small  gains  would  be 
collective,  their  losses  specific  to  themselves  alone.  The  conflict  was,  in 
Dudney’s  view,  one  of  an  economically-dominant  Anglo  establishment, 
seeking  to  use  structural  reform  to  wrest  governmental  authority  from  a 
popularly-based  minority  ethnic  elite  whose  power  rested,  in  large  part, 
on  its  control  of  public  office.  What  Dudney  evidently  does  not  accept  is 
the  likelihood  that  what  was  being  challenged  was  not  just  the  formal 
structure  of  authority,  but  the  existing  distribution  of  power  in  county 
politics.  The  Unit  Road  System  would  not  replace  politics  with 
disinterested  management.  It  would,  instead,  if  the  reformers’  objectives 
were  realized,  effect  a  transfer  of  political  power  from  one  group  to 
another. 


Conclusion 

The  underlying  political  nature  of  the  Unit  Road  System  conflict  is 
illuminated  by  the  insightful  observations  of  E.  E.  Schattschneider  (1960) 
about  politics,  in  general,  and  by  reference  to  Samuel  R  Hays’  (1964) 
empirical  investigation  of  the  municipal  reform  movement.  Schattsch¬ 
neider  noted  that  for  every  political  issue  there  are  two  relevant  groups — 
the  immediate  participants  and  the  audience.  The  spectators  are  an 
integral  part  of  the  situation,  for  the  audience  “is  never  really  neutral.” 
The  outcome  is  likely  to  be  determined  by  the  extent  to  which  the 
spectators  become  involved.  “Every  change  in  the  number  of  participants, 
every  increase  or  reduction  .  .  .  affects  the  result”  (Schattschneider, 
1960:2).  “The  most  important  strategy  of  politics  is  concerned  with  the 
scope  of  conflict”  according  to  Schattschneider  (1960:3).  He  (1960:17)  is 
not  moralistic  about  this  strategy:  “There  is  nothing  intrinsically  good  or 
bad  about  any  given  scope  of  conflict.  Whether  a  large  conflict  is  better 
than  a  small  conflict  depends  on  what  people  want  to  accomplish.  A 
change  of  scope  makes  possible  a  new  pattern  of  competition,  a  new 
balance  of  forces,  and  a  new  result.” 

From  this  perspective,  the  Unit  Road  System  conflict  in  Jim  Wells 
County  appears  to  have  been,  at  bottom,  a  battle  over  the  scope  of 
conflict  relative  to  county  road  policy  and  administration.  The  elite 
Master  Planners  sought  to  narrow  the  scope  of  conflict  by  shifting  the 
locus  of  decision-making  from  the  politically  sensitive  county  commission 
to  a  professionally-trained  county  engineer-manager.  The  net  effect  would 
have  been  to  insulate  decision-making  from  undesirable  political  pressure. 

Hays,  who  did  much  to  uncover  the  upper-class  social  origins  of 
municipal  reformers,  was  aided  by  his  awareness  of  the  danger  of 
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accepting  “what  people  thought  and  said”  as  “necessarily  an  accurate 
representation  of  what  they  did”  (1964:169).  Hays  argued  that,  in  the  case 
of  municipal  and  other  progressive  reformers,  many  historians  seem  to 
have  suspended  their  usual  scholarly  skepticism,  “taking  the  reformer’s 
own  description  [of  their  objectives]  at  face  value”  (1964:169).  In  spite  of 
Hays’  efforts,  the  reform  rhetoric  is  still  widely  accepted  as  reality. 
Dudney’s  study,  however,  offers  substantial  evidence  to  the  contrary. 

The  critique  of  the  reform  model  lays  bare  the  model’s  all  too  human 
and  self-interested  soul.  It  does  not,  however,  wholly  disarm  the 
advocates  of  reformed  local  government.  Some  reform  advocates  may  no 
longer  feel  free  to  claim,  as  comfortably  as  before,  scientific  objectivity 
for  their  political  program.  The  reformer’s  mask  of  disinterested, 
nonpolitical,  public-spiritedness  is  now  more  transparent  to  knowledge¬ 
able  outsiders.  The  argument  between  reformers  and  their  critics, 
however,  is,  in  the  final  analysis,  both  normative  and  unresolved.  Those 
who,  for  whatever  reasons,  prefer  more  efficient,  cost-effective  govern¬ 
ment  that  will  be  less  responsive  to  narrow  and  particular  interests,  and 
more  responsive  to  less  parochial  interests  like  economic  development, 
will  continue  to  support  reformed  structures.  They  will  still  win  converts, 
especially  among  upper-class  businessmen  and  middle-class  residents  of 
small  cities  and  suburbs.  Reform  structures  do,  after  all,  embody  the 
values  and  priorities  of  those  constituencies. 

Those  who  feel  that  government  has  objectives  beyond  economic 
development  and  the  inexpensive  provision  of  services  will  continue  to 
doubt  the  superiority  of  reformed  structures.  For  critics,  efficiency  and 
economy  are  important,  but  only  as  instrumental  values.  The  object  of 
local  government  should  be  more  than  mere  management.  It  should  be 
governance — the  resolution  of  conflicts  arising  from  competing  values. 
Governance  is  inherently  political.  Indeed,  governance  is  simply  politics 
by  another  name.  A  system  of  government  that  seeks  to  expel  politics 
misses  the  whole  point  of  governance.  It  is  more  important  that 
government  be  human,  and  that  it  be  responsive  and  accountable  to 
average  citizens  (that  is,  that  it  be  democratic),  than  that  it  be  efficient 
and  good  for  business. 

This  essay  has  not  sought  to  resolve,  once  and  for  all,  the  dispute  over 
local  reform,  or  even  over  the  Unit  Road  System  in  one  county.  The 
objective  has  been,  instead,  to  clarify  what  the  dispute  is  about.  The 
dispute  has  been  shown  to  be  less  one  over  facts  than  one  over  values.  It 
has  been  revealed,  in  spite  of  reformist  claims,  as  a  conflict  over  who 
should  rule,  rather  than  as  a  choice  between  politics  and  management. 
Ultimately,  each  community,  and  each  voter,  must  decide  which  form  of 
government  best  satisfies  that  community’s,  or  that  individual’s,  values 
and  needs.  This  essay  will  have  served  its  purpose,  if  it  1)  has  made  the 
point  that  there  is,  indeed,  a  choice  to  be  made — that  not  all  right  and 
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reason  favor  “reform”;  and  2)  has  helped  inform  the  process  of  selection 
by  bringing  to  bear,  on  the  issue  at  hand,  some  of  what  political  science 
research  has  revealed  about  the  political  implications  of  the  reform 
model. 
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VECTOR  GEOMETRY  OF  SPHERES 


Ali  R.  Amir-Moez 

Department  of  Mathematics,  Texas  Tech  University,  Lubbock,  Texas  79409 

Abstract. — The  vector  equation  ||^  —  7II  =  r,  which  represents  a  sphere  in  a  Euclidean 
space,  has  been  studied  by  angles  and  distances  with  techniques  of  vector  algebra.  Key 
words:  vector  geometry  of  spheres. 

This  article  is  intended  to  formulate  characterizations  of  the  sphere  in  a 
real  Euclidean  «-space,  which  are  extensions  of  characterizations  of  the 
circle.  Two  particular  ideas  are  studied,  one  of  which  is  the  sphere  as  a 
locus  of  points  with  lines  of  sight  to  n  fixed  points  are  mutually 
orthogonal,  whereas  in  the  other,  the  sphere  is  seen  to  be  similar  to  an 
ellipsoid  with  n  foci,  except  that  the  sum  of  the  squared  distance  is 
constant.  The  latter  may  be  described  as  having  a  set  of  n  fixed  vectors 
the  first  moment  of  which  is  zero,  and  the  sphere  is  the  locus  of  points 
about  which  the  second  moment  is  of  constant  magnitude.  All  results  are 
simple  consequences  of  vector  algebra  in  the  Euclidean  plane,  which 
easily  can  be  generalized  to  a  ^-dimensional  real  Euclidean  space;  in 
particular  the  vector  form  of  completing  the  square  is  quite  useful  in 
obtaining  the  center  and  the  radius  of  a  sphere. 

Notation 

A  Euclidean  space  of  dimension  n  will  be  denoted  by  Vectors  will 
be  denoted  by  Greek  letters  and  scalars  by  Latin  letters  (Amir-Moez, 
1978;  Amir-Moez  and  Fredericks,  1983).  The  inner  product  of  f  and  17  is 
represented  by  (f,  17).  Thus  the  norm  of  f  will  be  ||^^||  =  (f,  Other 
notation  will  be  introduced  whenever  needed. 

Let  a  sphere  of  center  C  and  radius  r  be  given  (Fig.  1).  A  vector 
equation  of  this  sphere  will  be 

llf-7ll  =L  (1) 

where  C  is  the  endpoint  of  7  and  f  ends  on  the  sphere.  (Note  that  the 
Fig.  1  corresponds  to  the  two-dimensional  case.)  We  may  write  this 
equation  as 


M-yf  =  r^ 


or 
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||f||^-2(f,  7)+  (2) 

By  analogy  with  the  algebra  of  scalars,  we  may  refer  to  the  recovery  of 
(1)  from  (2)  as  completing  the  square.  More  generally,  the  equation 

UW^  +  aa,  a)-b  =  0 

always  can  be  expressed  as 

or 

Comparing  this  equation  with  (1),  we  may  say  the  center  is  the  endpoint 
of  and  the  radius  is  [^||q:||^  —bY\  One  has  to  consider  different 
cases,  that  is,  positive,  imaginary,  or  zero  radius. 

Representing  Spheres  by  Angles 

In  R2,  we  may  characterize  the  circle  as  follows.  Given  two  fixed 
points  A  and  B,  the  locus  of  P,  the  vertex  of  a  right  angle,  the  side  of 
which  pass  through  A  and  P,  is  a  circle  of  diameter  AB.  We  shall 
translate  this  proposition  into  the  language  of  vector  algebra.  For 
simplicity,  we  shall  choose  the  origin  at  the  midpoint  of  the  line  segment 
AB.  Thus  to  A  and  B  corresponds  the  endpoints  of  o;  and  —a.  Let  f 
correspond  to  P.  Then  we  have 
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/3 


Figure  2. 

(f  -  a,  f  +  a)  =  0,  (3) 

which  implies 

llfll  =  l|a||.  (4) 

Thus  f  describes  the  circle  of  center  0  and  radius  ||a||.(Fig.  2). 

There  are  many  generalizations  of  this  proposition.  A  few  are  given. 
Let  {ai,. .  be  linearly  independent  in  and  f  vary  so  that 

-  ai,  ^  -  aj)  =  0,  i  <j,  (5) 

where  ajj  is  a  real  number.  Then  f  describes  a  sphere.  One  observes  that 
(5)  implies 


Xaij  -  I  aijit  cxi  +  aj)  +  S  ay  (a,-,  aj)  =  0.  (6) 

If  S  aij  =  0,  then  (5)  describes  a  hyperplane;  otherwise  (5)  is  a  sphere 
for  which  the  center  and  radius  can  be  obtained  by  completing  the  square 
in  (6).  The  details  are  omitted.  If  in  (5)  we  consider  the  case  that  a^-  =  1, 
for  all  /  and  y,  then  we  get 


Ilf 


-  _L 

n 


s  = 


n{n 


1) 


-s  II  a/-a/ir 


One  may  look  at  a  linear  combination  of  spheres  as  a  generalization  of 
(3).  In  particular,  we  study  the  idea  for  R3,  and  f  vary  so  that 
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r  (f  -  ai,  f  -  ai)  -  0 

(f  -  ai,  f  -  a,)  =  0  (7) 

i  (f  —  a2,  f  —  as)  =  0 

meaning  the  endpoint  of  f  is  the  vertex  of  right  tetrahedron,  the  three 
edges  of  which  pass  through  the  endpoints  of  ai,  0:2,  and  as  (Fig.  3). 
Note  that  we  have  chosen  the  origin  as  one  of  the  points  on  the  locus. 
From  (7)  we  obtain 


Ilf  11^  “  y  (f,  ai  +  a2  +  as)  -  0. 

Completing  the  square,  we  get 

Ilf  —  y  (ai  +  a2  +  as)  ||^  =  y  ||ai  +  a2  +  as||^  (8) 

We  observe  that  the  center  of  the  sphere  is  the  centroid  of  the  triangle 
defined  by  the  endpoints  of  ai,  a2,  and  as  and  the  radius  is 

r  =  ^11^1  +  a2  +  asl|. 

One  can  show  that  this  sphere  does  not  pass  through  the  endpoints  of 
ai,  a2,  and  as.  In  fact,  these  points  are  outside  the  sphere. 

A  generalization  to  is  similar.  Let  {ai,...,a„}  be  set  of  nonzero 
orthogonal  vectors  in  R„.  Let  f  vary  such  that 

(f  -  ay,  f  -  aj)  =  0,  i  <j\  i,j  (9) 

Then  f  describes  a  sphere  in  R„.  From  (9)  we  obtain  (2)  equations 

Uf  -  it  +  aj)  =  0,  /  <j,  i,j  =  1,. . n. 
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Adding  them  we  obtain 

~  *)  ll^ll'  -  (n  -  l)(f,  I  «,)  =  0, 

2  (=1 


which  implies 


=  xad  =  o 

n  i=\ 


or 


||f--L  S  a/||^  =  A  S  Ik, -III 

n  /=!  n  /=! 

Note  that  the  center  is  at  the  centroid  of  the  convex  hull  of  the  endpoints 
of  the  afs  and  the  radius  is 


Again  one  can  show  that  endpoints  of  a/’s  are  outside  the  sphere. 

Representing  Spheres  by  Distances 
First  we  shall  study  the  idea  in  R2,  and  f  vary  so  that 

U-ot\\^+U^a\\^^k\  (10) 

Then  f  describes  a  circle. 

To  prove  this  we  simply  expand  (10),  and  we  get 

llfll^+  l|a||^-^A:^  =  0. 

The  reader,  by  completing  the  square,  may  verify  that  the  center  is  at  the 
origin.  The  cases  of  positive,  imaginary,  and  zero  radius  should  be 
considered. 

Now  we  shall  generalize  this  proposition  to  R„.  Let  {ai,. .  .,a„.l}  be 
linearly  independent  in  R„,  and  a„  =  —  (ai  +  ...  +  a„.i).  We  have 
chosen  the  origin  at  the  centroid  of  the  convex  hull  of  {ai,. .  .,a„}.  Let  f 
vary  in  R„  so  that 
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(11) 


Then  f  describes  a  sphere  whose  center  is  at  the  origin. 
One  can  easily  show  that  (11)  is  equivalent  to 


11^11'  =  “ 


le-  2  Ik, 11^}. 


n 


n 


We  shall  leave  the  discussion  of  cases  to  the  reader. 


Some  Suggestions 


One  may  study  variations  on  previous  propositions.  In  section  2,  one 
may  replace  the  right  angle  by  a  fixed  angle  or  several  different  angles.  In 
section  3,  one  may  replace  the  sum  by  a  difference  of  two  sums. 

We  shall  suggest  another  interesting  proposition.  (Let  {a,  P}  be  linearly 
independent  in  R2  and  f  vary  such  that 


Ilf -all  -  ^ 
M-PW  b 


■=-f,a>0,b>0. 


The  reader  may  show  that  f  describes  a  circle. 

One  may  look  into  generalizations  of  this  proposition  such  as  the 
following. 

Let  {«!,. .  be  linearly  independent  in  and  f  vary  such  that 


iif-«iii 


where  «/  >  0,  /  =  Then  f  describes  a  circle  or  a  straight  line. 

Indeed,  generalizations  of  previous  propositions  to  a  unitary  space  can 
be  studied. 


Literature  Cited 


Amir-Moez,  A.  R.  1978.  Elements  of  geometry  in  unitary  spaces.  Monogr.  Undergraduate 
Math.,  Guilford  Coll.,  Greensboro,  North  Carolina,  7:1-54. 

Amir-Moez,  A.  R.,  and  G.  A.  Fredericks.  The  convex  hull  of  a  set  of  vectors.  Monogr. 
Undergraduate  Math.,  Guilford  Coll.,  Greensboro,  North  Carolina,  10:1-36. 


FUEL  WEIGHT  PREDICTION  EQUATIONS  FOR 
UNDERSTORY  WOODY  PLANTS  IN  EASTERN  TEXAS 
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School  of  Forestry,  Stephen  F  Austin  State  University,  Nacogdoches,  Texas,  75962 


Abstract. — Equations  were  developed  for  predicting  total  above-ground  fuel  weight 
(ovendry  in  grams)  of  19  understory  woody  plant  species  in  eastern  Texas  forests,  using 
logarithmic  equations  and  stem  basal  diameter.  Prediction  of  woody  fuel  weight  can  be  used 
to  enhance  fire  intensity  estimates  under  varying  fuel  moisture  and  weather  conditions.  Key 
words:  biomass,  fuels;  understory  species;  prediction  equations. 


Low  to  moderate  intensity  fires  (wild  or  prescribed)  moving  through  a 
forest  environment  feed  on  fuel  at  or  near  the  forest  floor,  consuming 
litter,  grasses,  forbs,  and  small  woody  vegetation  in  the  forest  understory. 
Depending  on  species  and  burning  conditions,  living  vegetation  in  the 
small  basal  diameter  classes  (less  than  0.6  centimeter)  can  contribute  to 
the  energy  output,  especially  during  October  through  March  in  eastern 
Texas  forests,  when  most  wildfires  occur,  and  the  majority  of  prescribed 
fires  are  planned.  If  fire  managers  could  accurately  evaluate  the 
understory  fuel  weight  present  on  a  designated  burn  site,  they  could 
conduct  more  efficient  and,  perhaps,  less  hazardous  prescribed  burns 
(Brown  et  al.  1982). 

Numerous  equations  for  estimating  the  fuel  weight  of  the  small 
diameter  woody  plant  component  of  forest  ecosystems  have  been 
developed  for  several  regions  of  the  United  States  as  Williams  and 
McClenahan  (1984)  in  eastern  and  southern  Ohio;  Edwards  (1976)  in 
lower  Piedmont  and  Coastal  Plain  of  Georgia;  Phillips  (1977)  in  upper 
Piedmont  of  Georgia  and  the  mountains  of  North  Carolina;  Roussopou- 
los  and  Loomis  (1979)  and  Grigal  and  Ohmann  (1977)  in  northeastern 
Minnesota;  Hitchcock  (1978)  in  Tennessee;  Brown  and  Marsden  (1976) 
and  Telfer  (1969)  in  the  northern  Rocky  Mountains;  and  Franchi  et  al. 
(1984)  in  Alabama  and  Mississippi. 

However,  information  on  understory  woody  stem  fuel  weight  in  eastern 
Texas  forests  is  not  available.  Fuel  weight  prediction  equations  developed 
in  other  regions  are  not  applicable  to  east  Texas  because  forest  conditions 
affecting  understory  fuel  weight  are  governed  by  different  plant  species, 
climate,  landform,  soil,  and  overstory  conditions  (Franchi  et  al.,  1984). 

In  this  paper,  we  present  equations  to  estimate  the  ovendry  weight  of 
the  aboveground  portion  of  individual  woody  stems  for  19  species 
common  to  the  understories  of  forests  in  eastern  Texas.  With  this 
information,  along  with  data  on  forest  litter,  fire  managers  in  that  region 
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Table  1.  Arthmetic  means  and  ranges  of  variables  used  to  develop  biomass  prediction 
equations. 


Species 

Number 
of  plants 

Basal  diameter  (mm) 

Dry  weight  (gms) 

Mean 

Range 

Mean 

Range 

Acer  rubrum 

29 

13.2 

8-21 

63.5 

7.6-227.7 

Baccharis  halimifolia 

20 

12.2 

6-25 

68.6 

10.6-295.2 

Carya  tomentosa 

21 

12.7 

5-33 

92.6 

2.6-528.9 

Callicarpa  americana 

31 

10.4 

6-17 

74.7 

4.2-327.7 

Cornus  florida 

39 

13.0 

5-21 

92.2 

4.2-250.2 

Ilex  opaca 

31 

14.0 

7-27 

118.4 

8.3-519.8 

Ilex  vomitoria 

30 

12.2 

6-20 

126.1 

14.5-432.5 

Liquidambar  styraciflua 

35 

14.2 

6-22 

77.6 

6.5-249.9 

Pinus  echinata 

29 

21.3 

12-35 

154.6 

33.2-438.2 

Pinus  taeda 

32 

14.0 

7-26 

84.7 

14.2-421.1 

Quercus  alba 

29 

12.2 

5-33 

99.0 

2.3-495.9 

Quercus  falcata 

31 

13.2 

6-24 

81.2 

11.7-275.3 

Myrica  cerifera 

34 

8.6 

3-18 

60.6 

0.8-256.4 

Rhammus  caroliniana 

27 

9.9 

4-17 

37.6 

2.6-147.0 

Rhus  copallina 

30 

13.0 

5-33 

82.4 

2.6-528.9 

Rhus  glabra 

29 

13.2 

7-22 

57.1 

3.7-195.9 

Sassafras  albidum 

23 

13.0 

6-22 

80.2 

3.0-279.2 

Vaccinium  spp. 

22 

10.4 

6-17 

71.0 

16.9-172.5 

Viburnum  dentatum 

20 

11.2 

7-17 

85.2 

10.2-314.0 

can  compute  total  fuel  loadings  to  determine  the  potential  severity  of 
wildfires  or  estimate  the  effects  of  prescribed  burns. 

Woody  Stem  Fuel  Sampling 

Nineteen  species  commonly  occurring  in  the  understory  of  mixed  pine- 
hardwood  forests  in  eastern  Texas  were  sampled.  Data  from  live  stems 
were  collected  during  the  dormant  seasons  December  1984  to  March 
1986. 

Each  selected  live  woody  stem  was  cut  at  ground-line.  After  cutting, 
basal  diameter  was  measured  to  the  nearest  millimeter  using  a  dial-gauge 
caliper.  The  above-ground  portion  of  each  plant  was  ovendried  and 
weighed  to  the  nearest  0.1  gram.  Table  1  characterizes  the  data  by  listing 
means  and  ranges  for  each  of  the  19  species.  Basal  diameters  for  15  of 
the  19  species  did  not  exceed  30  mm. 

Fuel  Weight  Prediction 

Plottings  of  observed  dry  weight  (DW)  over  observed  stem  basal 
diameter  (D)  revealed  strong  exponential  growth  trends  for  each  of  the 
19  species.  A  logarithmic  transformation  of  the  data  sets  provided 
excellent  linear  relationships  suitable  for  simple  linear  regression  analyses. 
Residual  analyses  revealed  no  adverse  trends.  Fuel  weight  prediction 
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Table  2.  Predicting  dry- weight  (gms)  using  basal  diameter  (mm)  of  19  species  of  understory 
woody  plants  in  eastern  Texas. 


Species 

Prediction  equations 

Acer  rubrum 

DW  =  0.03OD^-*"^ 

86% 

Baccharis  halimfolia 

DW  =  0.21OD^-‘” 

96% 

Cary  a  tomentosa 

DW  =  0.034D'-®” 

96% 

Callicarpa  americana 

DW  =  O.OOSD'-’'^ 

94% 

Cornus  Jlorida 

DW  =  0.205D^-'^^ 

88% 

Ilex  opaca 

DW  =  0.056D^-’"’ 

92% 

Ilex  vomitoria 

DW  =  0.176D^-^^° 

88% 

Liquidambar  styraciflua 

DW  =  0.059D^-®^^ 

88% 

Pinus  echinata 

DW  =  0.08 

86% 

Pinus  taeda 

DW  =  0J36D^'^° 

90% 

Quercus  alba 

DW  =  0.073D^-®^^ 

96% 

Quercus  falcata 

DW  =  0.1 76D^-^^^ 

83% 

Myrica  cerifera 

DW  =  0.121D^^^^ 

96% 

Rhammus  caroliniana 

DW  ^  0.027D^-°'° 

98% 

Rhus  copallina 

DW  =  0.040D^'^^ 

94% 

Rhus  glabra 

DW  =  0.045D2-^'^ 

79% 

Sassafras  albidum 

DW  =  0.016D^”' 

96% 

Vaccinium  spp. 

DW  =  0.204D^"^® 

90% 

Viburnum  dentatum 

DW  =  0.033D' 

92% 

Composite 

DW  =  0.096D^-^^' 

85% 

equations  are  presented  in  Table  2  for  each  of  the  19  species.  In  addition, 
all  data  sets  for  hardwood  species  were  combined  into  one  set,  and  a 
composite  equation  was  developed,  which  should  be  suitable  for 
undetermined  or  unspecified  components  of  the  forest  understory. 

Application 

Assume  that  a  land  manager  would  like  to  run  a  prescribed  fire 
through  a  mixed  pine-hardwood  forest  somewhere  in  east  Texas.  The 
purpose  of  the  burn  might  be  to  reduce  potential  fuel  loads  that  could 
contribute  to  a  damaging  wildfire.  The  manager  needs  an  estimate  of  fuel 
loading  in  order  to  burn  in  an  effective  and  safe  manner. 

A  recent  forest  inventory  consisting  of  various  size  sampling  plots  and 
the  planar  intersect  technique  provided  estimates  of  overstory  woody 
stem  diameters,  understory  stem  diameters,  and  species  composition,  and 
forest  floor  material,  such  as  litter,  forbs  and  fallen  roundwood.  The 
understory  woody  plant  component  for  our  example  consisted  of  eight 
species  plus  several  undetermined  plants.  For  each  category,  the  average 
basal  diameter  and  number  of  stems  per  hectare  was  determined  (Table 
3).  The  diameter  values  were  substituted  into  appropriate  equations  in 
Table  2.  After  multiplying  by  stems  per  hectare,  an  estimate  of  the  fuel 
load  for  this  component  of  the  forest  understory  was  obtained  (Table  3). 
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Table  3.  Average  basal  diameters,  number  of  stems  and  dry  weight  per  hectare  of  selected 
understory  woody  species  in  eastern  Texas. 


Species 

Average 

basal 

diameter 

(mm) 

Stems 
per  hectare 
(number) 

Dry  material 
per  hectare 
(kg) 

Liquidambar  styraciflua 

14.2 

4600 

297 

Ilex  vomitaria 

12.2 

3950 

410 

Myrica  cerifera 

8.6 

5100 

176 

Cornus  florida 

13.0 

1750 

141 

Acer  rubrum 

13.2 

950 

44 

Quercus  falcata 

12.2 

425 

22 

Vaccinium  sp. 

10.4 

1950 

125 

Pinus  taeda 

14.0 

2800 

193 

Miscellaneous 

12.8 

1225 

79 

Total  22,750 

1487 

The  dry  weight  fuel  load  of  woody  stem  material  of  1487  kilograms  per 
hectare  in  conjunction  with  an  estimated  8400  kilograms  per  hectare  of 
forest  floor  material,  enables  the  experienced  forester  to  calculate  the 
potential  energy  (heat)  release  for  our  example.  Actually,  full  potential 
energy  is  not  usually  realized  in  a  forest  fire,  due  to  several  stand 
variables — moisture  content  of  the  living  and  dead  fuels,  size  class  and 
arrangement,  weather  factors  and  topography  (particularly  slope). 

The  living  segment  of  the  fuel  complex  is  seldom  totally  consumed,  but 
if  a  sufficient  litter  layer  is  present  to  carry  a  fire,  many  of  the  smaller 
diameter  shrubs,  trees,  and  vines  will  burn  and  contribute  to  the  fire’s 
energy  release.  Recent  fire  behavior  modeling  (Burgan  and  Rothermel, 
1984)  with  an  emphasis  on  fuels  has  resulted  in  an  increased 
understanding  of  the  interacting  factors  affecting  forest  fires.  However, 
accurate  fire  behavior  predictions  will  continue  to  be  rather  elusive  due  to 
the  unlimited  combinations  of  fuel,  topography,  and  weather  conditions. 

To  complete  our  hypothetical  example,  let  us  assume  that  the  landform 
is  interior  Coastal  Plain.  If  a  prescribed  fire  (strip  headfire)  was  run 
through  our  forest  three  days  after  a  12.50-mm  rain,  litter  and  duff  layers 
may  average  10  and  20  percent  moisture  content,  respectively.  Air 
temperature  is  15°C,  relative  humidity  is  25  percent,  and  wind  speed  is 
9.5  kilometers  per  hour.  Thus  we  might  expect  a  fuel  reduction  of  at  least 
40  percent  of  the  1480  kilograms  of  woody  stem  material  with  basal  stem 
diameters  less  than  30  mm  and  about  60  percent  of  the  8400  kilograms  of 
forest  floor  material.  Reductions  would  vary  under  different  site  and 
burning  conditions. 

These  estimates  are  based  on  a  normal  distribution  of  size  classes 
found  in  understory  species  for  the  calculated  basal  diameters  obtained  in 
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field  sampling.  Forest  land  managers  can  benefit  from  better  knowledge 
of  part  or  all  of  the  biomass  data. 
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THE  IMMUNOCHEMISTRY  OF  BETA-LACTOSIDES 


Alfred  C.  Schram  and  Javad  Paktinat 

Department  of  Mathematics  and  Physical  Sciences  and  the  Killgore 
Research  Center,  West  Texas  State  University,  Canyon,  Texas  79016 

Abstract. — The  binding  of  several  synthetic  lactosides  by  a  chicken  anti-lactoside 
antiserum  suggested  an  antibody  combining  site  complementary  to  a  structure  larger  than 
that  of  a  disaccharide.  Regions  of  the  antibody  molecule  adjacent  to  the  lactosyl-binding 
region  appear  to  be  electron  deficient.  Key  words:  immunochemistry;  lactosides. 

A  chemically  defined  immunogenic  epitome  provides  a  simple  tool  for 
the  estimation  of  the  shape  and  size  of  the  specific  antibody  combining 
site,  because  both  structures  are  complementary.  Early  work  (Beiser  et 
al,  1960;  Karush,  1957)  indicated  that  antibody  combining  sites  are 
complementary  to  a  structure  corresponding  to  the  size  of  a  disaccharide 
unit.  Therefore,  the  lactoside:antilactoside  system  should  provide  a 
convenient  method  for  the  estimation  of  the  shape  and  size  of  the 
antibody  combining  site  and  of  its  neighboring  region.  Several  lactosides 
were  synthesized,  purified,  and  tested  in  a  simple  competitive  inhibition 
radioimmunoassay.  Basically,  a  limited  amount  of  anti-lactoside  antise¬ 
rum  was  incubated  with  a  fixed  amount  of  a  radiolabeled  reference 
lactoside  and  various  amounts  of  different  lactosides.  The  more  precisely 
complementary  to  the  antibody  combining  site,  the  easier  the  lactoside 
would  displace  the  reference  lactoside. 

Materials  and  Methods 

Lactosides  Preparation 

The  lactosides  were  prepared  from  acetobromolactose  (mp  147  C — Reithel  and  Young, 
1952)  and  the  appropriate  alcohols  or  sodium  phenolates,  by  adaptation  of  published 
methods  (Babers  and  Goebel,  1934;  Goebel  et  al.,  1934;  Goebel  and  Babers,  1935;  Helferich 
and  Goerdeler,  1940;  Karush,  1957;  Smith  and  Van  Cleve,  1952).  They  were  recrystallized  to 
a  constant  melting  point  from  aqueous  methanol  or  aqueous  ethanol;  their  purity  was 
verified  by  carbohydrate  determination  on  hydrolysates  {6M  HCl;  one  hour  at  98.5° C)  with 
the  anthrone  method  (Morris,  1948).  All  were  found  to  be  )8-anomers  with  maximum  IR 
absorption  between  892  and  899  cm~'  for  the  jS-glucosidic  acetal  bond,  and  between  874  and 
880  cm~*  for  the  jS-galactosidic  acetal  bond.  Several  of  the  lactosides  crystallized  with  a 
molecule  of  water,  which  was  lost  upon  heating  above  100°C;  the  loss  of  water  of  hydration 
could  be  observed  during  melting  point  determinations  by  a  change  in  the  crystalline  form 
between  100  and  150°C.  The  optical  rotations  of  lactosides  available  in  sufficient  quantities 
were  measured  in  50  percent  aqueous  methanol  (v/v)  and  are  recorded  in  Table  1. 
3-(4’-Lactosylazophenyl)-4-Hydroxy-5-Iodobenzoic  Acid-^^^\  (LacIHB) 

Ammonium  p-hydroxybenzoate  (3  x  10~^  mol)  was  iodinated  with  5  mCi  of  iodine- 125 
and  3  x  10~^  mol  of  carrier  iodine.  After  acidification  of  the  reaction  mixture,  extraction 
with  diethyl  ether,  drying  over  anhydrous  Na2S04,  and  evaporation  of  the  ether  in  vacuo, 
the  residue  was  coupled  to  3  x  10”^  mol  of  freshly  diazotized  /?-aminophenyl  lactoside.  The 
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product  was  purified  by  paper  chromatography  (Whatman  3MM;  1 -butanol-acetic 
acid:water  =  4:1:1,  v/v/v;  Rf  =  0.67)  (Paktinat,  1976).  Its  label  purity  was  83.3  percent;  a 
maximum  of  84  percent  was  bound  by  chicken  anti-lactoside  antiserum;  its  specific 
radioactivity  was  3  x  lO”  cpm/g  or  2.1  x  10*'^  cpm/mol. 

Antiserum 

A  six-month-old  Black  Polish  hen  was  immunized  by  intramuscular  injection  of  one 
milligram  of  porcine  gamma  globulin  coupled  to  an  average  of  24  p-azophenyl  lactoside 
groups  (Lac24PGG)  (Karush  1957),  in  a  50  percent  emulsion  of  Freund’s  complete  adjuvant. 
Booster  injections  of  0.5  mg  Lac24PGG  in  a  50  percent  emulsion  of  Freund’s  incomplete 
adjuvant  were  then  given  at  four-week  intervals  in  alternate  thighs,  over  a  period  of  15 
months.  Blood  (five  to  10  milliliters)  was  obtained  by  heart  puncture  at  one  and  three  weeks 
after  each  booster  injection.  The  sera  were  frozen  until  the  completion  of  the  injection 
series.  The  sera  were  then  tested  for  anti-lactoside  antibody  levels.  The  last  20  sera,  which 
had  comparable  titers,  were  pooled,  and  the  pooled  antiserum  was  standardized  against  an 
iodine- 125  labeled  bovine  serum  albumin  coupled  to  an  average  of  11  /?-azophenyl  lactoside 
groups  per  molecule  (LacuBSA),  by  a  quantitative  precipitation  test.  The  precipitates, 
dissolved  in  O.IM  NaOH,  were  counted  for  radioactivity  (to  determine  the  amount  of 
antigen  bound)  and  the  total  protein  content  was  determined  by  the  method  of  Lowry  et  al. 
(1951).  The  amount  of  antibody  in  the  precipitates  was  then  obtained  by  difference  between 
the  total  protein  and  the  amount  of  precipitated  antigen.  The  values  were  corrected  for  non¬ 
specific  precipitation  in  preimmunication  serum  controls.  The  antibody  level  in  the 
antiserum  was  determined  graphically  by  extrapolation  to  1/f  =  0,  of  the  line  in  a  plot  of  1/b 
vs  1/f  (b  =  antibody  bound  antigen,  f  =  free  antigen)  (Steward  and  Petty,  1972a,  1972b). 
Assuming  an  antibody  molecular  size  of  170,000  daltons  (Schram  et  al.,  1971),  the 
antiserum  contained  203  jUg  of  precipitating  anti-lactoside  antibody  per  ml.  Fractionation  of 
0.5  ml  of  antiserum  on  Sephadex  G-200  (1,5  x  90  cm  column,  0.02M  trishydroxymethylami- 
nomethane,  0.1 5Af  NaCl,  0.02  percent  NaNs;  pH  8.6)  (Schram  et  al.,  1985),  followed  by 
quantitative  precipitation  of  LacnBSA  by  aliquots  of  each  fraction,  indicated  that  at  least 
95  percent  of  the  antibody  eluted  in  the  gamma  globulin  region.  Linearity  of  Sips  plots  (b/ 
antibody  ^  f  versus  b/ antibody)  indicated  homogeneity  of  the  antibody  population  (Kim 
and  Karush,  1974).  Treatment  of  the  data  in  the  logarithmic  Sips  form  yielded  homogeneity 
indices  in  the  range  of  0.94  to  0.97,  close  enough  to  1.00  to  support  homogeneity  of  the 
antibody  population  (Keirszenbaum  et  al.,  1969).  The  rest  of  the  antiserum  then  was  frozen 
in  small  vials,  each  one  containing  the  required  amount  of  antiserum  for  one  inhibition  test. 

Inhibition  Tests 

Polycarbonate  tubes  (13  by  100  mm)  were  filled  with  50  jul  of  antiserum,  appropriate 
dilutions  of  inhibitor  in  pH  7.2  phosphate  buffered  saline  (PBS),  and  sufficient  PBS  to 
make  the  volume  equal  to  400  jul.  The  tubes  were  mixed  and  incubated  for  15  minutes  at 
40°  C;  100  jul  (0.25  m^umol)  of  LacIHB  then  were  added  to  each  tube,  and  the  exact  amount 
of  LacIHB  was  calculated  from  the  radioactivity  of  each  tube.  The  tubes  were  stored 
overnight  at  4°C.  An  equal  volume  (500  jul)  of  74  percent  saturated  (NH4)2S04  was  added 
to  each  tube;  the  tubes  were  mixed  thoroughly,  left  to  stand  30  minutes  at  4°C,  and 
centrifuged  for  20  minutes  at  2500  g.  The  supernatants  were  carefully  decanted,  the  pellets 
were  resuspended  in  500  fxl  of  37  percent  saturated  (NH4)2S04,  and  the  tubes  were 
centrifuged  a  second  time  (15  minutes,  2500  g).  The  supernatants  were  decanted,  the  pellets 
were  dissolved  in  500  jul  of  O.IM  NaOH  and  the  amount  of  LacIHB  bound  by  the 
precipitated  globulins  was  determined  by  the  radioactivity  of  the  solutions.  Controls  of 
preimmunization  serum,  and  of  antiserum  without  inhibitor  were  included  in  each  test.  The 
calculated  amount  of  bound  LacIHB  was  corrected  for  the  nonspecific  precipitation  in  the 
preimmunication  serum  control.  The  percent  inhibition  of  precipitation  of  LacIHB  was  then 
plotted  versus  the  log  of  inhibitor  molar  concentration  in  the  incubation  mixtures,  to  give 
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sigmoidal  curves,  with  an  inflection  point  at  50  percent  inhibition.  Figure  1  shows  such 
curves  for  lactose  and  three  other  lactosides.  For  weak  inhibitors,  it  was  not  possible  to 
obtain  a  complete  curve,  because  50  percent  inhibition  would  occur  at  concentrations  higher 
than  10"^7l/;  solubilities  and  chaotropic  dissociation  of  LacIHB-antibody  complexes 
prevented  the  use  of  inhibitor  concentrations  higher  than  10"^ M.  The  concentration  of  each 
inhibitor  necessary  for  a  50  percent  inhibition  of  the  binding  of  LacIHB  then  was 
determined  graphically  and  recorded  in  Table  1.  An  inhibition  index  K  (K  =  log  [1]  ’), 
allowed  a  simple  comparison  between  the  different  compounds  tested.  This  treatment  also 
minimized  the  experimental  errors  introduced  through  radioactivity  measurements, 
dilutions,  and  other  handling  procedures. 


Results  and  Discussion 

The  sequence  of  reactions  studied  can  be  represented  by  the  following 
equations.  The  abbreviations  are:  Ab  =  antibody;  I  =  lactoside,  Ab-I  = 
antibody-lactoside  complex;  Ab-LacIHB  =  antibody-LacIHB  complex. 

Ab  +  I  ^  Ab-I  (1) 

Ab-I  +  LacIHB  Ab-LacIHB  +  I  (2) 

[Ab-LacIHB]  is  determined  by  the  amount  of  radiation  precipitated 
upon  addition  of  ammonium  sulfate;  [LacIHB]  is  then  the  difference 
between  the  total  and  the  precipitated  amounts  of  radiation. 

Table  1  summarizes  the  results  and  emphasizes  the  specificity  of  the 
chicken  antiserum  for  the  )8-lactosyl  hapten.  Within  the  lactosyl  moiety, 
the  j8-galactosyl  portion  is  the  most  important,  because  even  p- 
nitrophenyl  /3-galactoside  binds  to  the  antibody.  A  similar  observation 
was  reported  by  Goebel  et  al.  (1934).  It  is  surprising  that  galactose  itself 
did  not  bind  significantly  at  the  concentrations  used;  both  a-  and  P- 
anomers  are  present  in  aqueous  solution,  and  the  j8-anomer  would  be 
expected  to  match  the  deeper  portion  of  the  antibody  combining  site. 

The  differences  between  the  inhibition  indices  of  the  various  lactosides 
tested  indicate  that  the  antibody  must  be  complementary  to  a  structure 
larger  than  that  of  a  disaccharide.  The  phenyl  group  itself  strongly 
increases  the  binding.  But  it  does  not  seem  to  be  entirely  an  effect 
dependent  upon  space  filling,  inasmuch  as  none  of  the  alkyl  lactosides 
approaches  the  binding  of  the  phenyl  lactosides. 

Still,  the  nature  of  the  binding  in  the  area  of  the  phenyl  group  must 
depend  on  other  factors  than  three-dimensional  matching:  variously 
located  substituents  on  the  phenyl  ring  do  not  prevent  binding  (that  is,  o- 
nitrophenyl  lactoside  and  m-aminophenyl  lactosides).  A  possibility  for  the 
binding  may  be  the  attraction  of  the  phenyl  ring  (with  a  high  electron 
density)  to  an  electron  deficient  area  of  the  antibody  molecule,  bordering 
the  site  complementary  to  the  lactosyl  moiety.  Indeed,  p-phenylphenyl 
lactoside  binds  ten  times  more  rapidly  than  phenyl  lactoside.  Both  p- 
aminophenyl  and  /7-iodophenyl  lactosides  show  a  stronger  binding  than 
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Figure  1.  Inhibition  of  LacIHB  binding  by  some  lactosides  (I).  [I]  =  molar  concentration  of 
lactoside  (bound  and  free);  O,  lactose;  •,  1 -pentyl  lactoside;  +,  phenyl  lactoside;  X,  p- 
nitrophenyl  lactoside. 


phenyl  lactoside.  But  p-nitrophenyl  lactoside  then  should  bind  less  readily 
than  phenyl  or  p-aminophenyl  lactosides,  as  the  nitro  group  is  an 
electron  withdrawing  group.  To  reconcile  these  observations,  it  may  be 
assumed  that  the  electronegative  oxygen  atoms  of  the  nitro  group,  being 
in  a  position  similar  to  that  of  positions  T  and  6'  of  the  /?-phenyl  group 
in  p-phenylphenyl  lactoside,  are  close  to  another  electron  deficient  region 
of  the  antibody  surface.  This  region  must  have  some  degree  of  flexibility 
to  allow  p-nitrophenyl  lactoside  to  bind  (steric  hindrance  should 
otherwise  make  the  binding  much  weaker  than  observed).  This 
assumption  could  also  explain  the  relatively  high  binding  of  1 -naphthyl 
lactoside.  As  expected,  LacIHB  should  show  the  highest  binding,  because 
it  is  the  compound  closest  in  structure  to  the  immunogenic  determinant: 
the  azophenyl  lactoside  determinants  in  Lac24PGG  are  bound  to  tyrosyl 
residues  in  the  immunogen  (Schram,  1970).  The  differences  in  inhibition 
indices  of  LacIHB  and  of  /?-phenylphenyl  lactoside  probably  are  not 
significant;  however,  because  the  antibody  structure  is  limited  by  the 
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Table  1.  Fifty  percent  inhibition  indices. 


R-/3-OC12HI9010 

R  = 

[I] 

, 

K’ 

Melting 

Point 

rc) 

[«]d 

H- 

1.4  X 

10-^ 

3.9 

CHj- 

4.5  X 

10“^ 

4.3 

212 

-6.3 

CHaCH'CH^- 

1.4  X 

10-^ 

3.9 

192 

CHz^CHCHz- 

1.2  X 

10'" 

3.9 

168 

CH3(CH2)3- 

1.0  X 

10-^ 

4.0 

172 

(CH3)3C- 

6.5  X 

10-^ 

3.2 

94 

CH3(CH2)4- 

3.5  X 

10"' 

4.5 

180 

CH(CH2)2CH(CH3)- 

6.6  X 

10"' 

4.2 

158 

CH3(CH2)5- 

4.0  X 

10"' 

4.4 

179 

CH3(CH2)6- 

2.7  X 

10"' 

4.6 

159 

CH3(CH2)7- 

8.3  X 

10"' 

4.1 

152 

CH3(CH2)8- 

1.0  X 

10"^ 

4.0 

144 

CH3(CH2)o- 

6.2  X 

10"' 

4.2 

153 

CH3(CH2)ii- 

1.7  X 

10"' 

3.8 

140 

CH3(CH2),5- 

4.5  X 

10"' 

4.3 

CH3(CH2)7CH=CH(CH2)7C0HN(CH2)2- 

3.2  X 

10"' 

3.5 

157 

+2.4 

02N  ^  ^ 

1.5  X 

3.8  X 

10"^ 

10"’ 

5.8 

6.4 

225 

270.5 

-21 

-83 

^  <^'N02 

6.7  X 

10"^ 

5.2 

205 

-50 

H2N-<G^ 

7.2  X 

10"’ 

6.1 

247 

^  CK> 

1.2  X 

10"^ 

5.9 

238 

1.6  X 

10"’ 

6.8 

232 

lo-  ^ 

4.8  X 

10"’ 

6.3 

242 

-38 

(CH3)2N^2)"N=N  (Lac  dye) 

3.5  X 

10"' 

5.5 

231 

I  OH 

<^’N=N^Q-  (LacIHB) 

2.0  X 

10"’ 

6.7 

190 

HODC  ^ 

7.6  X 

10"’ 

6.1 

262 

/?-Nitrophenyl  )8-Galactoside 
o-Nitrophenyl  /S-Galactoside 
p-Nitrophenyl  ;8-Glucoside 

Glucose 

Galactose 

a-Methyl  Glucoside 

Glucose  +  Galactose 

Cellobiose 

8.7  X  10'" 

(4  X  10“^) 

3.1 

3 

3 

3 

3 

3 

3 

(1.4)^ 

'Total  (bound  +  free)  molar  concentration  of  lactoside  to  give  50  percent  inhibition  of  the 
binding  of  0.25  mjumol  of  LacIHB  by  50  ijl\  of  antiserum. 

^The  50  percent  inhibition  index  K  =  log  [I]”'. 

^No  measureable  inhibition  at  10”^ M. 

■^By  extrapolation. 
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shape  resulting  from  the  combination  of  20  amino  acids,  the  best  possible 
shape  may  have  a  higher  complementarity  to  p-phenylphenyl  lactoside. 

These  observations  suggest  that  the  antibody  combining  site  could  be 
made  of  different  regions,  as  diagrammed  in  Figure  2.  Region  A  should 
be  stereospecific  for  the  )8-lactosyl  group  and  must  be  the  most  important 
part  of  the  combining  site.  Regions  B  and  C  are  probably  electron- 
deficient  regions;  they  may  be  connected  by  '‘hinge”  areas  with  some 
degree  of  flexibility.  With  a  vacant  space  between  the  two  portions  of  B 
and  C,  each  side  would  tend  to  repell  the  other,  opening  up  the  comining 
site,  and  thus  decreasing  the  “grip”  on  the  lactosyl  moiety.  Thus  lactose 
should  be  the  worst  inhibitor;  actually,  /-butyl  lactoside  has  a  lower 
inhibition  index.  The  bulk  of  the  /-butyl  group  may  prevent  the  proper 
closing  of  each  half  of  region  B.  But  the  inhibition  index  of  this 
particular  lactoside  may  not  be  dependable.  The  melting  point  seems  too 
low,  an  indication  of  impurities  in  the  sample;  moreover,  this  is  the  only 
lactoside  that  decomposed  spontaneously  within  a  few  weeks.  All  other 
lactosides  have  shown  no  sign  of  decomposition  after  several  years  of 
storage  at  room  temperature. 

Assuming  that  regions  B  and  C  are  electron  deficient,  a  high  electron 
density  should  be  essential  on  the  aglycone  portion  of  the  lactosides. 
Alkyl  groups  are  weak  electron  donating  groups,  but  their  flexibility, 
their  bulk,  and  the  lack  of  nucleophilic  centers  at  the  proper  positions 
may  not  allow  as  tight  a  “grip”  by  the  antibody.  It  is  unlikely  that 
inductive  effects  of  the  phenyl  group  would  be  felt  on  the  hydroxyl 
groups  of  the  lactosyl  moiety  (most  probable  functional  groups  involved 
in  the  antibody  binding);  several  bonds  separate  the  phenyl  group  from 
the  lactosyl  hydroxyl  groups.  Thus  it  does  not  appear  that  variations  in 
inhibition  indices  would  be  the  result  of  variations  in  the  electronic 
potential  of  the  lactosyl  hydroxyl  groups. 

A  recent  report  by  Geysen  et  al.  (1987)  indicated  that  in  the  case  of  a 
protein  antigen  (myohemerythrin),  the  antigen  surface  areas  with  higher 
negative  potential  were  more  immunogenic  in  rabbits.  The  results 
presented  here  involve  a  synthetic  immunogen  (azophenyl  lactoside)  with 
a  high  electron  density  (azophenyl  group),  and  chicken  antiserum.  Similar 
conclusions  indicate  that  the  antibody  response  is  similar  throughout  the 
animal  kingdom.  This  should  not  be  surprising,  because  all  antibodies, 
being  made  of  the  same  amino  acids  and  serving  the  same  function,  are 
under  the  same  restrictions  imposed  by  the  electronegativities  of  the  small 
number  of  atom  types  of  which  they  are  made  (C,  H,  O,  N,  S). 

It  should  be  emphasized  that  the  antibodies  used  in  this  study  were  not 
monoclonal,  and  that  only  one  hen  supplied  the  antiserum.  It  was 
decided  to  use  the  antiserum  from  a  single  individual,  to  prevent 
individual  variations  from  masking  small  differences  between  the  binding 
of  slightly  different  lactosides.  The  response  in  other  birds  might  have 
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Figure  2.  Suggested  cross-section  of  the  anti-lactoside  antibody  combining  site  and 
adjacent  regions. 


been  different.  The  results  also  could  be  explained  on  the  basis  of  a 
mixture  of  antibodies  of  varying  specificities,  that  is,  some  antibodies 
complementary  for  the  lactosyl  portion,  some  for  a  phenyl  lactoside  and 
some  for  p-phenylphenyl  lactoside.  However,  it  is  unlikely  that  such  an 
antibody  mixture  would  show  a  behavior  expressed  by  linearity  in  a  Sips 
diagram. 
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PATTERN  OF  HETEROCHROMATIC  VARIATION  AND 
PHYLOGENY  IN  THE  RODENT  FAMILY  GERBILLIDAE 
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Abstract. — Data  are  presented  on  the  distribution  of  heterochromatin  for  species  in 
seven  genera  of  the  rodent  family  Gerbillidae.  These  data  combined  with  the  few  published 
data  on  C-banding  of  gerbil  chromosomes  document  a  pattern  of  rich  and  varied  evolution 
of  heterochromatin.  The  less  common  types  of  heterochromatic  rearrangements  appear  to 
provide  more  phylogenetic  information  than  the  more  common  types  such  as  short  arm 
additions.  A  similar  situation  exists  for  the  euchromatic  rearrangements  in  gerbils.  Key 
words:  Gerbillidae;  heterochromatin;  phylogeny;  chromosomal  rearrangements. 

Constitutive  heterochromatin  is  characterized  as  staining  positive  with 
the  C-banding  technique,  having  late  DNA  replication,  and  consisting  of 
repetitive  nucleotide  sequences  (Arrighi  et  al.,  1970).  In  mammals,  highly 
repetitive  DNA  can  account  for  as  little  as  five  percent  and  as  much  as 
50  percent  of  the  genome  size  (Hsu  and  Arrighi,  1971;  Miklos  et  al., 
1980;  Sherwood  and  Patton,  1982).  The  controversy  over  the  function  of 
this  repetitive  DNA  continues  with  the  views  ranging  from  considering 
this  material  to  be  ‘"junk”  DNA  with  little  or  no  function  in  the  genome 
to  being  important  in  chromosomal  evolution  and  speciation  (Baker  et 
al.,  1987;  Cavalier-Smith,  1985;  Deininger  and  Daniels,  1986;  Hardman, 
1986;  Schmid  et  al.,  1975;  Sessions,  1986;  Yoon  and  Richardson,  1978). 

Recent  studies  of  the  rodent  family  Gerbillidae  have  documented 
extensive  chromosomal  evolution  involving  Robertsonian  rearrangements, 
tandem  fusions,  translocations,  and  peri-  and  paracentric  inversions 
(Wassif,  1981;  Benazzou  et  al.,  1982a,  1982b,  1984;  Qumsiyeh,  1986a, 
1986b;  Qumsiyeh  and  Chesser,  1988).  These  publications  were  concerned 
with  euchromatic  rearrangements  as  revealed  by  G-  or  R-bands  and  paid 
little  attention  to  heterochromatic  changes  revealed  by  C-banding. 
Herein,  I  present  data  on  distribution  of  C-positive  material  in  gerbil 
chromosomes  and  examine  the  relationship  between  heterochromatic 
variation  and  the  well-documented  phylogenies  based  on  electrophoresis, 
chromosome  G-bands,  and  morphology  for  several  genera  of  gerbils. 

Methods  and  Materials 

The  following  gerbil  taxa  were  examined:  Gerbillus  dasyurus,  G.  nanus,  Gerbillurus 
paeba,  G.  vallinus,  Tatera  robusta,  T  leucogaster,  T.  nigricauda,  T.  afra,  T  branstii, 
Desmodillus  auricularis,  Psammomys  obesus,  Meriones  tristrami,  M.  crassus,  M. 
unguiculatus,  M.  shawi,  and  Sekeetamys  calurus.  Specimens  used  in  this  study  were  the 
same  as  those  used  previously  for  the  nondifferentially  stained  (Qumsiyeh  et  al.,  1986),  G- 
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band,  and  electrophoretic  studies  (Qumsiyeh,  1986b;  Qumsiyeh  and  Chesser,  1988; 
Qumsiyeh  et  al.,  1987). 

C-bands  were  obtained  by  the  method  of  Stefos  and  Arrighi  (1971)  as  modified  by  Baker 
and  Qumsiyeh  (1988).  Identification  of  chromosomes  was  done  from  the  G-banded 
chromosomes  and  facilitated  by  a  standard  numbering  system  developed  by  Qumsiyeh 
(1986b).  The  data  presented  are  compared  to  published  data  on  gerbils  and  other  rodents  to 
assess  the  pattern  of  heterochromatic  variation  in  the  Gerbillidae. 

Results 

Centromeric  heterochromatin  was  found  in  all  species  of  gerbils 
examined.  Beyond  this,  many  species  are  characterized  by  heterochro¬ 
matic  additions.  Both  Gerbillurus  vallinus  and  G.  paeba  share  an 
insertion  in  chromosome  10  and  telometric  heterochromatin  on  the  sex 
chromosomes  (Qumsiyeh,  1986b).  Additionally,  chromosome  33  of  G. 
paeba  shows  extensive  heterochromatin  that  was  “diffused”  over  most  of 
the  chromosome  (Fig.  1).  Two  unidentified  acrocentric  chromosomes  in 
G.  vallinus  have  small  but  individually  variable  heterochromatic  short 
arm  additions.  Four  species  of  Tetera  (afra,  brantsii,  leucogaster,  and 
nigricauda)  share  a  heterochromatic  X-chromosome.  Of  these,  T.  afra,  T. 
brantsii,  and  T.  leucogaster  acquired  heterochromatic  short  arms  on  some 
autosomes  (Qumsiyeh,  1986b).  Tatera  robusta  and  an  unidentified  sister 
taxon  from  Kenya  share  heterochromatin  on  lljlS  and  33  but  differ  in 
the  size  and  structure  of  these  chromosomes  (Qumsiyeh  et  al.,  1987). 

Desmodillus  auricularis  has  heterochromatin  on  chromosome  27/28 
and  the  sex  chromosomes  (Qumsiyeh,  1986b).  Psammomys  obesus  shows 
heterochromatin  on  the  sex  chromosomes,  which  are  relatively  large,  and 
additionally  has  a  variable  short  arm  addition  on  the  small  2p 
chromosome  (Fig.  2).  Meriones  tristrami  and  M.  crassus  acquired 
numerous  heterochromatic  short  arm  additions  on  several  autosomes  in 
addition  to  diffused  heterochromatin  (Fig.  3)  on  the  sex  chromosomes 
(Korobitsyna  and  Korablev,  1980;  Qumsiyeh  et  al.,  1986).  M.  unguicula- 
tus  has  a  heteroehromatic  insertion  on  chromosome  33  (Fig.  3). 

Studies  on  Gerbillus  {sensu  lato)  show  that  numerous  species  have 
heterochromatic  blocks  outside  of  the  centromeres  (Wassif,  1981; 
Wahrman  et  al.,  1983;  Qumsiyeh  et  al.,  1986,  and  unpublished).  In  two 
species  of  this  genus  studied  by  Viegas-Pequignot  et  al.  (1984), 
constitutive  heterochromatin  represented  about  one  half  (G.  nigeriae)  and 
one  third  (G.  hesperinus)  the  length  of  the  genome  and  occurred  mainly 
as  short  arms  and  as  the  proximal  part  of  the  long  arm  in  most 
chromosomes. 


Discussion 

Heterochromatin  in  gerbils  can  be  classified  into  the  following  basic 
types  (in  order  of  prevalence): 
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Figure  I.  Three  types  of  heterochromatic  additions  observed  in  Gerbillurus  paeba.  G- 
banded  (left  chromosome  of  each  pair)  and  C-banded  (right)  selected  chromosomes  are 
shown  with  C-band  positive  material  being  intersitial  in  9/10,  “diffused”  in  33,  and 
telomeric  in  the  X. 


1)  Centromeric  heterochromatin  was  found  in  all  species  of  gerbils 
examined.  However,  the  size  of  the  heterochromatic  block  surrounding 
the  centromere  seems  to  vary  not  only  between  individuals  and  species 
but  also  between  chromosomes  of  the  same  individual  (Figs.  2  and  3). 

2)  Short  arm  additions  increase  the  fundamental  number  but  usually 
do  not  affect  the  euchromatic  arm  to  which  they  attach.  This  type  of 
heterochromatic  addition  seems  to  occur  most  frequently  in  taxa  with 
high  diploid  numbers  (60  and  more)  possessing  some  fission  products  (for 
example,  Meriones  tristrami,  M.  crassus,  Gerbillurus  vallinus,  Gerbillus 
dasyurus).  In  Psammomys  obesus  (2n=48),  a  heterochromatic  short  arm 
addition  occurred  in  a  polymorphic  condition  on  the  smallest  acrocentric 
chromosome  (chromosome  2p,  Fig.  2). 

3)  “Diffused”  heterochromatin  occurring  over  all  or  most  of  the 
euchromatic  arm  or  arms  that  are  still  identifiable  by  G-banding.  This 
appears  to  be  prevalent  in  the  smallest  gerbil  linkage  groups  (numbers 
25/26,  27/28,  and  33)  and  in  the  sex  chromosomes  (Figs.  1  and  2). 

4)  Interstitial  insertion  of  heterochromatic  bands.  This  type  was  found 
in  chromosomes  10  (Fig.  3)  in  Gerbillurus,  8  in  Desmodillus,  and  33  in 
M.  unguiculatus  (Qumsiyeh  1986b;  Qumsiyeh  and  Chesser,  1988). 

5)  Telomeric  additions  were  observed  only  in  the  sex  chromosomes  of 
Gerbillurus  paeba  and  G.  vallinus  (see  Fig.  1  and  Qumsiyeh,  1986b). 
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Figure  2.  C-banded  chromosomes  of  Psammomys  obesus.  C-banded  karyotype  of  a  female 
(A)  and  a  spread  from  a  male  with  the  polymorphic  condition  for  2p  (B).  Triangle 
encloses  the  biarmed  2p  and  arrows  point  to  the  X  and  Y  (both  heterochromatic). 


6)  Finally,  “intercalated”  heterochromatin  between  the  sex  chromo¬ 
somes  and  translocated  autosomes  has  been  suggested  to  play  a  role  in 
the  linkage  of  activation  or  inactivation  in  the  sex  chromosome-autosome 
complex  (Viegas-Pequignot  et  ah,  1982;  Ratomponirina  et  ah,  1986). 
However,  this  hypothesis  was  not  critically  tested  and  a  study  by 
Wahrman  et  al.  (1983)  on  the  sex  chromosome-autosome  translocations 
in  gerbils  failed  to  support  the  general  conclusions  of  Ratomponirina  et 
al.  (1986). 
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Figure  3.  A,  C-banded  karyotype  of  a  female  from  Jordan  of  Meriones  tristrami,  a  species 
with  variable  heterochromatic  short  arm  additions  (in  this  individual,  the  three 
chromosomes  next  to  the  sex  chromosomes);  B,  C-banded  karyotype  of  M.  unguicalatus 
showing  intersitial  heterochromatin  in  chromosome  number  33  (fourth  pair  from  the  left 
in  the  top  row). 
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When  comparing  the  distribution  of  heterochromatin  revealed  by  C- 
banding  with  the  gerbil  phylogeny  that  is  now  well  established  based  on 
morphologic,  G-band,  and  electrophoretic  analyses  (Pavlinov,  1982; 
Qumsiyeh,  1986b;  Qumsiyeh  et  ah,  1987;  Qumsiyeh  and  Chesser,  1988), 
the  following  conclusions  become  evident.  First,  centromeric  heterochro¬ 
matin,  short  arm  additions,  and  “diffused”  heterochromatin,  although 
common  in  some  lineages,  provide  no  phylogenetic  information. 
Centromeric  heterochromatin  occurs  in  all  species  and  short  arm 
additions  occur  frequently  and  independently  in  various  unrelated  taxa 
(for  example,  Meriones  tristrami,  Gerbillurus  vallinus,  and  Gerbillus 
dasyurus).  Although  some  chromosomes  (for  example,  33,  X,  and  Y) 
appear  to  have  a  tendency  to  acquire  extensive  “diffused”  heterochro¬ 
matin,  again  there  is  no  discernable  pattern  to  their  phylogenetic 
distribution. 

Second,  changes  in  fundamental  number  in  gerbils  occur  both  by 
heterochromatic  short  arm  additions  and,  less  frequently,  by  pericentric 
inversions.  Pericentric  inversions  account  for  seven  of  34  euchromatic 
rearrangements  in  four  genera  of  rhombomyine  gerbils  but  provide  the 
most  important  phylogenetic  markers  for  these  taxa  (Qumsiyeh  and 
Chesser,  1988).  By  contrast,  heterochromatic  short  arm  additions 
occurred  on  numerous  unrelated  autosomes  of  several  taxa  (for  example, 
Psammomys  obesus  and  Meriones  tristrami).  In  M.  tristrami  alone,  as 
few  as  four  and  as  many  as  15  heterochromatic  short  arm  additions  occur 
in  various  polymorphic  conditions  in  one  area  of  Soviet  Transcaucasia 
(Korobitsyna  and  Korablev,  1980).  Similar  variability  and  abundance  for 
heterochromatic  short  arms  is  known  for  rodents  of  the  families 
Cricetidae  (Sigmodontinae — Baker  and  Barnett,  1981;  Stangl  and  Baker, 
1984),  Geomyidae  (Patton  and  Sherwood,  1982;  Qumsiyeh  et  al.,  1988), 
and  Muridae  (Baverstock  et  al.,  1977,  among  others).  These  data  suggest 
that  short  arm  heterochromatic  additions  are  subject  to  extensive 
homoplasy  and  rarely  will  be  useful  as  phylogenetic  markers. 

Third,  telomeric  additions  on  the  X  and  Y  and  interstitial  heterochro¬ 
matin  in  10  appear  to  form  synapomorphies  for  Gerbillurus  paeba  and  G. 
vallinus.  These  two  types  of  rearrangements  were  the  least  frequently 
observed  in  gerbil  chromosomes.  Data  from  the  distribution  of 
euchromatic  rearrangements  compared  to  electrophoretic  and  morpho¬ 
logic  character  states  in  gerbils  suggested  that  the  most  frequently 
observed  types  of  rearrangements  (Robertsonian)  were  the  least 
informative  and  apparently  were  subject  to  more  homoplasy  than 
originally  predicted  based  on  the  chromosomal  data  alone  (Qumsiyeh  et 
al.,  1987).  It  appears  now  that  a  similar  pattern  occurs  in  heterochro¬ 
matic  rearrangements  in  gerbils;  the  most  frequent  types  of  heterochro¬ 
matic  rearrangements  also  are  apparently  subject  to  extensive  homoplasy 
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and  provide  little,  if  any,  phylogenetic  information  compared  with  the 
less  frequently  observed  rearrangements. 
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NEW  POTASSIUM-ARGON  DATES  OF  MAFIC  ROCKS 
WITHIN  BIG  BEND  NATIONAL  PARK,  TEXAS 


Dennis  E.  Schucker  and  Dennis  O.  Nelson 

Department  of  Geology,  Sul  Ross  State  University,  Alpine.  Texas  79832 

Abstract. — The  Trans-Pecos  magmatic  province  of  west  Texas  constitutes  a  series  of 
alkaline  rocks  formed  from  48  to  16  m.y.  ago.  The  mafic  lava  flows  of  the  Chisos 
Formation  and  associated  intrusions  within  Big  Bend  National  Park  represent  some  of  the 
older  igneous  activity  within  the  Trans-Pecos.  New  potassium-argon  age  determinations  for 
these  mafic  rocks  combined  with  major  and  trace  element  data  indicate  that  magmas  of 
almost  identical  chemical  composition  were  generated  at  different  times  in  the  Big  Bend 
region.  This  suggests  a  duplication  of  petrogenetic  processes  and  evolutionary  trends 
through  time.  In  addition,  a  large  variation  between  a  previously  published  date  (Maxwell 
et  al.,  1967)  and  a  date  determined  during  this  study  suggests  either  that  portions  of  the 
Alamo  Creek  Basalt  have  been  erroneously  mapped  as  Ash  Spring  Basalt,  or  that  the  Ash 
Spring  Basalt  may  be  older  than  suggested  by  previous  workers.  Finally,  we  determined  that 
production  of  basanite  magmas  was  not  confined  to  early  Basin  and  Range  extension  (less 
than  24  m.y.  ago)  in  the  Trans-Pecos  magmatic  province,  but  that  basanites  are  also  some 
of  the  oldest  igneous  rocks  in  the  Big  Bend  region  (46  m.y.  ago).  Key  words:  Trans-Pecos, 
Texas;  Big  Bend;  geochronology;  Tertiary. 

The  Chisos  Formation  is  located  in  the  southern  portion  of  the  eastern 
alkaiic  belt  of  the  Trans-Pecos  magmatic  province,  of  western  Texas. 
Aspects  of  the  regional  geology  of  the  Trans-Pecos  magmatic  province 
have  been  described  by  Barker  (1977),  Cameron  et  al.  (1986),  Henry  and 
McDowell  (1986),  and  Nelson  and  Nelson  (1986).  Members  of  the  Chisos 
Formation  (Alamo  Creek  Basalt,  Ash  Spring  Basalt,  Bee  Mountain 
Basalt,  Mule  Ear  Spring  Tuff,  and  Tule  Mountain  Trachyandesite)  crop 
out  in,  and  adjacent  to,  the  Big  Bend  National  Park  area.  Named 
members  are  separated  by  varying  thicknesses  of  volcaniclastic  units  and 
unnamed  flow  units.  Descriptions  of  the  general  geology  of  Big  Bend 
National  Park  can  be  found  in  Maxwell  et  al.  (1967). 

Henry  and  McDowell  (1986)  divided  igneous  activity  within  the  Trans- 
Pecos  magmatic  province  into  four  periods:  pre-main  phase  (48  to  39 
m.y.),  main  phase  (38  to  32  m.y.),  early  tension  phase  (31  to  27  m.y.), 
and  main  Basin  and  Range  phase  (24  to  17  m.y.).  Eruption  of  the  Alamo 
Creek  Basalt  Member  of  the  Chisos  Formation  occurred  during  the  pre- 
main  phase  with  the  remaining  members  of  the  Chisos  Formation 
forming  during  the  main  phase  of  Trans-Pecos  magmatism  (Henry  and 
McDowell,  1986). 

Mafic  members  of  the  Chisos  Formation,  the  Alamo  Creek  Basalt,  Ash 
Spring  Basalt,  and  Bee  Mountain  Basalt,  form  three  major  chemical 
groups.  Several  subgroups  also  have  been  delineated  based  on  major  and 
trace  element  relationships  (Schucker  1986a,  1986b).  In  addition,  several 


The  Texas  Journal  of  Science,  Vol  40,  No.  1,  February  1988 


72 


THE  TEXAS  JOURNAL  OF  SCIENCE— VOL.  40,  NO.  1,  1988 


Figure  1.  Index  map  of  Big  Bend  National  Park  showing  locations  of  samples  analyzed 
during  this  study:  (1)  CF8508,  Alamo  Creek  Basalt,  large  roadcut  along  Ross  Maxwell 
Scenic  Drive  (long.  103°  26'  45";  lat.  29°  09'  49");  (2)  CF8505,  Ash  Spring  Basalt,  small 
hill  east  of  intersection  of  main  park  road  and  Burro  Mesa  Pouroff  road  (long.  103°  24' 
24";  lat.  29°  13'  05");  (3)  CF8539,  Bee  Mountain  Basalt,  Cerro  Castellan  (long.  103°  30' 
58";  lat.  29°  08'  53");  (4)  BB8311,  Basanite  Intrusion,  along  main  park  road,  near  Croton 
Spring  (long.  103°  20'  01";  lat.  29°  20'  13"). 

outcrops  of  Alamo  Creek  Basalt  have  chemical  characteristics  similar  to 
Ash  Spring  Basalts.  The  chemical  similiarity  between  several  Alamo 
Creek  Basalt  and  Ash  Spring  Basalt  samples  could  have  been  caused  by  a 
replication  of  source  compositions,  melting  conditions,  and  evolutionary 
paths  for  these  magmas.  In  order  to  add  support  to  this  theory  of 
replication  of  magmatic  processes  through  time,  several  samples  were 
analyzed  by  the  potassium-argon  (K-Ar)  age  method  to  varify  the  ages  of 
the  members  of  the  Chisos  Formation.  Four  new  K-Ar  dates  were 
determined  during  this  study,  one  for  each  of  the  mafic  members  of  the 
Chisos  Formation  and  one  analysis  of  a  basanite  intrusion  within  Big 
Bend  National  Park  (see  sample  localities  on  Fig.  1). 

Techniques  and  Data 

Potassium-argon  analyses  were  performed  on  whole-rock  samples  by  Geochron 
Laboratories,  a  division  of  Krueger  Enterprises,  Inc.  Uncertainities  on  dates  determined 
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Table  1.  Analytical  data  for  K-Ar  dates  determined  during  this  study. 


Sample 

K 

(percent) 

^°Ar* 

(X  10"" 
mole/ gram) 

^°Ar*/^°Ar 

CF8539  (Bee  Mountain  Basalt) 

0.785 

3.977 

0.630 

0.748 

3.863 

0.612 

Av. 

0.767 

3.920 

CF8505  (Ash  Spring  Basalt) 

2.988 

23.390 

0.753 

3.016 

22.423 

0.768 

Av. 

3.002 

22.906 

CF8508  (Alamo  Creek  Basalt) 

2.739 

21.995 

0.802 

2.720 

21.613 

0.662 

Av. 

2.730 

21.805 

BB8311  (Basanite  intrusion) 

1.075 

6.792 

0.470 

0.684 

6.325 

0.341 

Av. 

0.759 

0.839 

6.558 

'’°Ar*  refers  to  radiogenic  ‘^°Ar. 


during  this  study  are  those  reported  by  Geochron  Laboratories.  All  dates  were  calculated 
using  the  decay  constants  of  Steiger  and  Jager  (1977).  Table  1  lists  K  and  Ar  analytical  data 
from  our  four  samples.  Unlike  their  silicic  counterparts,  whole-rock  K-Ar  dating  techniques 
generally  can  be  performed  satisfactorily  on  relatively  fine-grained,  unaltered  mafic  rocks 
such  as  those  considered  in  this  study  (Dalrymple  and  Lanphere,  1969). 

Major  and  trace  element  data  determined  during  this  study  are  listed  in  Table  2.  All 
major  elements  and  Sr,  Y,  and  Nb  were  analyzed  by  energy  dispersive  X-ray  fluorescence 
(XRF).  Precision  in  XRF  analyses  was  determined  by  multiple  analyses  of  U.S.G.S. 
standards  and  is  better  than  five  percent  for  all  major  elements  and  trace  elements,  except 
MgO,  Sr,  and  Nb,  which  are  better  than  eight  percent.  All  other  trace  elements  were 
determined  by  instrumental  neutron  activation  analysis.  Precision,  based  on  replicate 
analyses  of  our  in-house  standard,  is  better  than  three  percent  for  Lu,  La,  Ce,  Hf,  and  Rb; 
better  than  five  percent  for  Sm,  Eu,  Th,  Yb,  Cs,  Sc,  Zn,  and  Ta;  better  than  10  percent  for 
Ba,  Nd,  Tb,  Cr,  Zr,  and  Co;  and  better  than  12  percent  for  U. 

Discussion 

Potassium-argon  dates  for  the  mafic  units  within  the  Chisos  Formation 
also  have  been  published  by  Maxwell  et  al.  (1967)  and  Henry  et  al. 
(1986).  Table  3  lists  all  known  K-Ar  dates  for  the  mafic  units  of  the 
Chisos  Formation. 

Alamo  Creek  Basalt 

The  reported  dates  for  the  Alamo  Creek  Basalt  span  a  time  from  about 
40  m.y.  to  47  m.y.  This  range  indicates  either  a  period  of  eruption  of 
seven  million  years  for  the  Alamo  Creek  Basalt  or  that  some  dates  are  in 
error.  A  long  period  of  eruption  is  possible  for  the  production  of  Alamo 
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Table  2.  Major  and  trace  element  data  for  dated  samples.  Major  element  oxides  as  weight 
percent,  trace  elements  as  parts  per  million. 


Sample 

CF8539 

BMB 

CF8505 

ASB 

CF8508 

ACB 

BB8311 

Basanite 

Si02 

49.23 

54.37 

54.84 

44.78 

AI2O3 

15.75 

17.06 

16.98 

16.01 

Fe203* 

9.94 

8.22 

7.75 

11.58 

MgO 

8.19 

2.02 

3.46 

7.48 

CaO 

8.52 

4.62 

4.66 

10.71 

Na20 

3.38 

4.97 

4.21 

4.72 

K2O 

0.85 

3.62 

3.52 

1.98 

Ti02 

1.38 

1.84 

1.92 

1.85 

P2O5 

0.27 

0.77 

0.75 

1.15 

MnO 

0.14 

0.21 

0.20 

0.19 

Total 

97.65 

97.70 

98.29 

100.45 

Ba 

341 

870 

1117 

578 

Cr 

29 

2 

2 

260 

Cs 

5.0 

1.8 

0.3 

2.3 

Co 

33 

5.0 

5.0 

33 

Hf 

3.7 

10.3 

10.2 

3.5 

Nb 

9.4 

49 

50 

17.2 

Rb 

25.6 

66.8 

50.7 

63 

Sc 

25 

3.3 

3.2 

23 

Sr 

514 

702 

973 

— 

Ta 

0.6 

5.4 

5.3 

1.3 

Th 

1.7 

8.1 

8.5 

5.5 

U 

0.7 

6.1 

6.7 

2.0 

Y 

33 

48 

51 

25 

Zn 

94 

132 

125 

93 

Zr 

170 

516 

513 

180 

La 

15 

65 

65 

35 

Ce 

35 

129 

128 

75 

Nd 

21 

58 

59 

40 

Sm 

4.4 

10.0 

10.1 

9.3 

Eu 

1.5 

3.1 

3.1 

2.6 

Tb 

1.0 

1.7 

1.7 

1.4 

Yb 

2.6 

3.7 

3.8 

2.0 

Lu 

0.36 

0.50 

0.49 

0.28 

*Fe203  Total  iron  as  Fe203 


Creek  Basalt  lavas  because  it  is  composed  of  at  least  seven  flow  units  that 
erupted  from  at  least  two  separate  source  vents  (Stewart,  1984).  We 
collected  our  Alamo  Creek  Basalt  sample,  CF8508,  in  the  large  road  cut 
along  the  Ross  Maxwell  Scenic  Drive  (Fig.  1).  This  sample  is  a 
trachybasalt  (Table  2)  according  to  the  nomenclature  of  Irvine  and 
Baragar  (1971).  It  was  selected  for  dating  because  of  chemical  similarities 
to  Ash  Spring  Basalt  samples  (Schucker,  1986a,  1986b).  A  sample  having 
chemistry  similar  to  Ash  Spring  Basalt  units  was  chosen  in  an  attempt  to 
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Table  3.  All  known  K-Ar  dates  for  the  mafic  flow  units  within  the  Chisos  Formation  and 
the  date  obtained  for  a  basanite  intrusion  during  this  study. 


K-Ar  date  (m.y.) 

Sample 

designation 

Maxwell  et 
al.  (1967) 

Henry  et 
al.  (1986) 

This 

study 

Bee  Mountain 

23.1  +  1.2 

34.5  +  1.8 

29.9  ±  1.7 

Basalt 

Ash  Spring 

34.5  +  1.7 

— 

44.5  ±  1.8 

Basalt 

Alamo  Creek 

43.2  ±  3.1 

46.1  ±  3.1 

46.5  +  1.9 

Basalt 

Basanite  instrusion 

43.8  ±  n.r. 

39.7  ±  n.r. 

46.9  ±  1.1 

45.5  ±  2.3 

n.r.  indicates  that  uncertainties  are  not  reported. 


prove  the  production  of  compositionally  similar  magmas  through  time  in 
the  Big  Bend  region.  The  resulting  date,  46.5  ±  1.9  m.y.,  supports 
stratigraphic  data  indicating  that  this  sample  is  a  flow  unit  from  the 
Alamo  Creek  Basalt.  In  addition,  this  age  for  a  sample  of  Alamo  Creek 
Basalt  having  Ash  Spring  chemistry  suggests  that  similar  magmas  were 
produced  and  evolved  along  similar  trends  through  time. 

Ash  Spring  Basalt 

Two  K-Ar  determinations  are  now  available  for  the  Ash  Spring  Basalt. 
A  whole-rock  analysis  by  Maxwell  et  al.  (1967),  34.5  ±  1.7  m.y.,  and  our 
new  data  (Table  3),  44.5  ±  1.8  m.y.  This  difference  may  be  explained  in 
one  or  more  ways.  The  sample  analyzed  by  Maxwell  et  al.  (1967)  may 
have  suffered  argon  loss  or  our  sample  may  have  excess  argon,  or  some 
of  the  Alamo  Creek  Basalt  may  have  been  incorrectly  mapped  by 
Maxwell  et  al.  (1967)  as  Ash  Spring  Basalt.  Sample  CF8505,  a 
trachybasalt  (Table  2),  was  used  for  the  K-Ar  analysis  of  the  Ash  Spring 
Basalt.  This  sample,  collected  south  of  Burro  Mesa  Pouroff  (Fig.  1),  was 
chosen  for  analyses  because  it  is  some  of  the  least  weathered  basalt  that 
is  mapped  as  Ash  Spring  Basalt.  Alteration  and  weathering  can  greatly 
affect  K-Ar  analyses.  Therefore,  it  is  critical  that  the  least  weathered 
samples  are  analyzed.  At  this  locality,  lava  crops  out  as  small  isolated 
hills  surrounded  by  Quaternary  alluvium,  and  detailed  stratigraphic 
control  is  lacking.  Inasmuch  as  faulting  is  present  in  areas  adjacent  to 
this  location,  faults,  possibly  covered  by  alluvium,  may  have  disrupted 
the  stratigraphy  of  the  Chisos  Formation  in  this  area.  Thus,  it  is  possible 
that  these  outcrops  are  Alamo  Creel  Basalt,  not  Ash  Spring  Basalt  as 
mapped  by  Maxwell  et  al.  (1967).  In  addition,  the  basalt  exposed  in  these 
outcrops  has  megascopic  and  petrographic  characteristics  similr  to  several 
of  the  Alamo  Creek  Basalt  lavas  (Schucker,  1986b),  and  before  the  K-Ar 
analyses  it  was  thought  that  this  sample  would  help  to  prove  that  similar 
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magmas  were  generated  during  Alamo  Creek  time  (—45  m.y.)  and  Ash 
Spring  time  (34  m.y.).  If  this  sample  is  actually  Ash  Spring  Basalt 
(Maxwell  et  al.  1967),  our  date  suggests  that  the  Ash  Spring  Basalt  is 
much  older  than  previously  thought.  Ash  Spring  Basalt  occurs  much 
lower  in  the  Chisos  section  than  the  overlying  named  members  and  at 
most  locations  is  stratigraphically  closer  to  the  Alamo  Creek  Basalt  (46.5 
±  1.9  m.y.,  this  study)  than  it  is  to  the  overlying  Bee  Mountain  Basalt 
(34.5  ±  1.8  m.y.,  Henry  et  al.,  1986).  Although  stratigraphy  may  suggest 
an  older  age  for  the  Ash  Spring  Basalt,  stratigraphic  position  cannot  be 
used  as  unquestionable  support  because  several  unconformities  occur 
within  the  Chisos  Formation.  Based  on  the  above  data,  we  believe  that 
our  sample  may  have  been  erroneously  mapped  by  Maxwell  et  al.  (1967), 
although  additional  analyses  are  needed  on  the  Ash  Spring  Basalt  before 
the  extent  of  this  problem  can  be  determined. 

Bee  Mountain  Basalt 

A  date  of  29.9  +  1.7  m.y.  for  the  Bee  Mountain  Basalt  was  obtained 
from  sample  CF8539  (Table  2),  a  hypersthene-normative  alkali  basalt 
(using  the  classifications  of  Irvine  and  Baragar  (1971)  and  Miyashiro 
(1978)).  It  was  collected  on  Cerro  Castellan  in  the  southern  portion  of 
Big  Bend  National  Park  (Fig.  1).  Although  much  of  the  outcrop  on  the 
lower  slopes  of  Cerro  Castellan  is  weathered  and  contains  abundant 
secondary  silica  and  calcite,  our  sample  used  for  K-Ar  analysis  was  a 
fresh,  dense,  black,  medium-grained  basalt  collected  near  the  stratigraphic 
center  of  the  outcrop. 

Two  previous  K-Ar  determinations  are  available  for  the  Bee  Mountain 
Basalt.  Maxwell  et  al.  (1967)  obtained  a  date  of  23.1  ±  1.2  m.y.  They 
stated  that  this  date  is  anomalously  young  when  compared  to  dates 
obtained  for  overlying  units,  and  probably  resulted  from  Ar  leakage  from 
the  altered  groundmass  in  the  sample  (Maxwell  et  al.,  1967).  The  only 
other  K-Ar  determination  of  the  Bee  Mountain  is  34.5  +  1.8  m.y.  (Henry 
et  al.  1986).  Stratigraphic  position  and  K-Ar  determinations  of  units 
above  and  below  the  Bee  Mountain  Basalt  (Henry  et  al.,  1986)  indicate 
that  the  actual  age  of  the  Bee  Mountain  Basalt  is  probably  30-35  m.y. 
Basanite  Intrusion 

Sample  BB83-11  is  a  silica-undersaturated  mafic  rock  (Table  2) 
collected  near  Croton  Springs  Road  (Fig.  1).  The  rock  contains 
approximately  18  percent  normative  nepheline  and  is  classified  as  a 
basanite.  Basanites  occur  elsewhere  in  the  Big  Bend  area  (Schucker 
1986b;  Scheiffer  and  Nelson,  1981)  and  in  the  Davis  Mountains  of 
western  Texas  (Ward  and  Nelson,  1987).  However,  it  is  not  clear  whether 
or  not  these  silica-undersaturated,  nepheline-normative  magmas  were 
restricted  to  a  particular  period  of  igneous  activity  or  were  produced 
throughout  the  evolution  of  the  Trans-Pecos  magmatic  province. 
Published  K-Ar  dates  (Henry  et  al.,  1986)  and  the  observation  that  many 
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of  the  mafic  nepheline-nomative  rocks  occur  as  northwest-trending  dikes 
suggest  that  the  bulk  of  these  magmas  were  emplaced  24  to  17  m.y., 
during  Basin  and  Range  faulting  (Henry  and  McDowell,  1986).  The 
result  of  our  work,  45.5  ±  2.3  m.y.  for  the  basanite  near  Croton  Springs 
(BB83-11)  clearly  indicates  that  basanite  production  was  not  restricted  to 
the  most  recent  episode  of  magmatic  activity  in  the  Trans-Pecos  province, 
but  also  occurred  during  the  oldest  phase  (pre-main  phase  of  Henry  and 
McDowell,  1986)  of  igneous  activity  within  this  region. 

Summary  and  Conclusions 

The  Alamo  Creek  Basalt  (46.5  +  1.9  m.y.)  analyzed  during  this  study 
has  chemical  characteristics  similar  to  Ash  Spring  Basalt  unit.  If  the  Ash 
Spring  Basalt  is  34  m.y.,  (Maxwell  et  al.  1967),  then  our  new  data, 
combined  with  major  and  trace-element  data  from  Schucker  (1986b), 
suggest  magmas  were  generated  and  evolved  by  similar  magmatic 
processes  in  the  Big  Bend  region  of  Texas  46  m.y.  and  34  m.y.  ago. 

Our  Ash  Spring  Basalt  sample,  as  mapped  by  Maxwell  et  al.  (1967), 
was  determined  to  be  44.5  ±  1.8  m.y.  indicating  that  some  of  the  Alamo 
Creek  Basalt  may  have  been  erroneously  mapped  as  Ash  Spring  Basalt 
by  previous  workers.  If  our  interpretation  of  the  data  is  wrong  and  the 
outcrop  was  mapped  correctly  by  Maxwell  and  others  (1967)  as  Ash 
Spring  Basalt,  data  obtained  during  this  study  suggests  that  the  Ash 
Spring  Basalt  is  older  than  previously  reported.  Additional  K-Ar  analyses 
are  needed  on  the  Ash  Spring  Basalt  before  this  problem  can  be  resolved. 

Finally,  the  basanite  date  of  46  m.y.  indicates  that  the  production  of 
nepheline-normative,  silica-undersaturated  mafic  magmas  was  not  con¬ 
fined  to  Basin  and  Range  magmtism  (24  to  17  m.y.  ago),  but  also 
occurred  during  the  oldest  period  of  magmatic  activity  in  the  Trans-Pecos 
region. 

Several  problems  need  additional  examination.  Additional  Alamo 
Creek  Basalt  samples  need  to  be  analyzed  to  place  better  constraints  on 
the  duration  of  volcanic  activity  from  the  vents  that  produced  these 
flows.  Samples  from  the  Ash  Spring  Basalt  need  to  be  analyzed  to 
determine  if  Ash  Spring  flow  units  are  34.5  m.y.  (Maxwell  et  al.  1967) 
and  several  outcrops  of  the  Alamo  Creek  Basalt  were  erroneously 
mapped  as  Ash  Spring,  or  if  the  date  of  Maxwell  et  al.  (1967)  is  in  error 
and  the  Ash  Spring  Basalt  is  actually  older  than  previously  thought.  In 
addition,  the  Bee  Mountain  Basalt  contains  numerous  flow  units  that 
have  not  been  dated.  Analyses  of  these  units  may  place  better  constraints 
on  the  age  of  the  Bee  Mountain  Basalt  lavas. 
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Abstract. — The  corrosion  rates  and  Eo.c.  measurements  of  low-carbon  steel  at  24°  C, 
34° C,  and  44° C  in  1.0  M  HCl,  with  and  without  varying  amounts  of  octylamine  and 
quinoline,  were  measured.  Based  on  these  data,  values  for  the  activation  energy  (Ea),AG, 
and  AS  of  the  corrosion  reaction  were  determined.  In  addition,  Langmuir,  Tempkin,  and 
Freundlich  adsorption  isotherms  were  determined.  Using  the  Langmuir  isotherms,  values  for 
the  equilibrium  constant,  AGa,  and  ASa  of  the  adsorption/ desorption  reaction  for  the 
inhibitors  were  determined.  Using  corrosion  rate  measurements,  values  for  the  heats  of 
adsorption  and  surface  residence  times  of  the  inhibitors  were  determined.  Key  words: 
corrosion  inhibitors;  iron  corrosion;  adsorption  isotherms;  thermodynamic  values;  kinetic 
values. 

Many  papers  have  been  published  related  to  the  inhibition  of  the 
corrosion  of  iron  in  HCl  solutions  via  the  use  of  organic  inhibitors. 
Octylamine  and  quinoline  were  chosen  for  this  study  because  they  are 
representative  of  two  large  groups  of  amine  inhibitors  commonly  used  to 
inhibit  the  corrosion  of  iron  in  strong  acid  environments.  The  purpose  of 
this  investigation  was  to  determine  a  variety  of  adsorption,  kinetic,  and 
thermodynamic  properties  associated  with  the  inhibition  of  the  iron 
corrosion  reaction  in  HCl  using  these  inhibitors,  and  to  attempt  to 
correlate  them  with  the  effectiveness  of  the  inhibitor. 

Experiment 

The  low-carbon  steel  used  during  this  study  was  in  sheet  form  of  0.914  mm  thickness  (20 
gauge).  Surface  area  of  the  exposed  test  samples  was  approximately  10  square  centimeters. 
Each  corrosion  rate  measurement  was  done  in  fresh,  well  stirred,  1.0  M  HCl.  Cell 
temperatures  were  maintained  at  +  0.5°  C  using  a  temperature  regulated  water  bath.  Freshly 
prepared  Ag/AgCl  electrodes  and  a  Keithley  Model  610-C  electrometer  were  used  for 
steady-state  potential  measurements.  The  two  inhibitors  tested  were  of  research  grade 
purity.  The  steel  test  strips  were  polished  with  600-grit  carbide  paper,  cleaned  with  acetone, 
and  stored  in  a  dessicator  until  ready  for  use.  All  mass  measurements  were  made  using  an 
analytical  balance.  Corrosion  rates  were  determined  after  the  metal  samples  had  been 
immersed  in  the  test  solutions  for  two  hours. 

Results 

As  mentioned  above,  quinoline  and  octylamine  were  selected  for  this 
study  because  they  were  representative  of  two  large  groups  of  aliphatic 


The  Texas  Journal  of  Science,  Vol.  40,  No.  I,  February  1988 


80 


THE  TEXAS  JOURNAL  OF  SCIENCE— VOL.  40,  NO.  1,  1988 


and  aromatic  amine  inhibitors.  These  compounds  differ  significantly  in 
their  basic  properties;  the  Kb  for  quinoline  is  7.94  x  and  for 

octylamine  it  is  4.47  x  10  "^.  Thus  octylamine  should  be  considered  as  a 
stronger  nitrogen-containing  base  than  quinoline.  Using  an  Ealing  CPK 
model  atom  set,  in  a  manner  similar  to  that  used  by  Hackerman  et  al. 
(1962),  the  maximum  surface  area  coverage  for  a  molecule  of  quinoline 
was  estimated  to  be  1.54  x  10~^cm^  and  for  octylamine,  8.04  x  10~^cm^. 

Table  1  lists  the  average  corrosion  rates  for  the  low  carbon  steel  at 
24° C,  34° C,  and  44° C  in  uninhibited  and  inhibited  1.0  M  HCl  and  the 
graphically-determined  values  of  the  Arrhenius  activation  energy  (Ea)  for 
the  corrosion  reaction.  To  determine  Ea,  it  was  assumed  that  the  rate  of 
the  corrosion  reaction  (C.R.)  can  be  expressed  using  the  equation 

C.R.  =  k[Af[B]” .  .  .  ,  (1) 

where  k  equals  reaction  rate  constant  at  a  particular  temperature;  [A], 
[B],  and  so  forth,  are  the  concentrations  of  the  reactants;  and  “m”,  “n”, 
and  so  forth  are  the  orders  with  respect  to  each  particular  reactant.  The 
Arrhenius  expression  states  that 

k  =  ,  (2) 

where  R  =  8.31  J/mol-K,  T  =  degrees  Kelvin,  and  A  =  the  pre¬ 
exponential  factor  (a  constant  for  a  particular  reaction).  Substituting 
equation  (1)  into  (2) 


C.R.  =  ([Af[B]" .  .  .)Ae'‘=  (3) 

or 

C.R.  =  (4) 

where  A’  is  also  constant  for  a  particular  reaction  if  the  reactant 
concentrations  are  the  same.  Thus  in  order  to  determine  Ea,  it  is  not 
necessary  that  one  determine  values  for  the  order  of  each  reactant.  If  a 
plot  of  ln(C.R.)  vs.  1/T  is  linear,  the  slope  will  be  equal  to  -Ea/R,  and 
from  this  the  value  of  Ea  is  determined. 

For  an  electrochemical  reaction,  it  is  well  known  that 


AGrx  =  -nFErx,  (5) 

where  AGrx  =  change  in  free  energy  for  the  reaction  at  a  particular 
temperature;  F  =  Faraday’s  constant  (96500  coulombs  per  equivalent);  n  = 
number  of  equivalents  (moles  of  electrons  being  transferred  in  the 


Table  1.  Kinetic  parameters  for  low-carbon  steel  in  uninhibited  and  inhibited  I.O  M  HCl. 
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Table  2.  Summary  of  Eo.c.  values  for  low-carbon  steel  in  uninhibited  and  inhibited  1.0  M 
HCl. 


Solution 

Eo.c.vs  Ag/AgCl  (V) 

,  Eo.c.  slope  Slope 

intercept  (V)  AE/AT(v/°C) 

7°C 

20°  C 

30°  C 

40°  C 

Uninhibited 

-.401 

-.424 

-.452 

-.464 

-.385 

-.00220 

.000 IM  Octylamine 

-.399 

-.426 

-.449 

-.461 

-.384 

-.00209 

.00 IM  Octylamine 

-.398 

-.424 

-.477 

-.459 

-.383 

-.00206 

.OIM  Octylamine 

-.396 

-.420 

-.441 

-.455 

-.382 

-.00197 

.000 IM  Quinoline 

-.390 

-.399 

-.429 

-.457 

-.367 

-.00221 

.00 IM  Quinoline 

-.386 

-.394 

-.425 

-.454 

-.362 

-.00224 

.OIM  Quinoline 

-.368 

-.384 

-.416 

-.444 

-.342 

-.00250 

reaction,  which  for  this  study  was  assumed  to  be  =  2);  and  Erx  =  voltage 
(IV  =  IJ/coul),  or  potential  of  the  reaction  with  respect  to  the  standard 
hydrogen  electrode  (SHE).  For  such  a  reaction,  AS  (change  in  entropy) 
can  be  determined  at  constant  pressure  (Adamson,  1979),  using  the 
relationships 


AS  =  nF(A  E/  AT)p.  (6) 

Table  2  lists  the  corrosion  potentials  (Eo.c.)  that  were  measured  in 
uninhibited  and  inhibited  HCl.  In  order  to  use  equation  (5)  to  calculate 
the  values  for  AG  shown  in  Table  3,  it  was  necessary  to  convert  the  Eo.c. 
measurements  in  Table  2  to  values  with  respect  to  the  SHE  using  the 
relationship 


EAg/AgCl  =  E°Ag/AgCl  -2-303 RT  ,og  y±Uc,-, 


(7) 


where  (Bard  et  al.,  1985) 

E%g/Agci=0.23659  V  -  4.8564  X  lO'^T  -  3.4205  x  lO'V  (8) 

and  7+  is  0.809  (Bromberg,  1984)  for  1.0  M  HCl,  the  Mci-  =  1,  and  the 
temperature  is  expressed  in  degrees  centigrade.  To  convert  the  Eo.c. 
measurements  in  Table  2  to  values  with  respect  to  the  SHE,  the  adjusted 
values  for  the  Ag/AgCl  electrode  were  added  to  the  measured  Eo.c. 
values.  The  values  shown  for  AS  in  Table  3  were  calculated  using  the 
slope  values  that  were  obtained  from  plotting  Eo.c.  vs  T  and  are  listed  in 
Table  2.  For  these  calculations  the  negative  sign  of  the  slope  must  be 
changed  to  a  positive  one  to  coincide  with  the  standard  sign  convention 
for  thermodynamic  values. 

The  sorption  properties  of  organic  inhibitors  in  aqueous  solutions  on 
metal  substrates  have  been  studied  in  a  number  of  ways.  Three 
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Table  3.  Summary  of  AS  and  AG  Values  for  the  corrosion  of  low-carbon  steel  in  TO  M 
HCL 


Solution 

T(°C) 

AS(J/K-mol) 

AG(kJ/mol) 

Uninhibited 

8 

426 

-32.6 

Uninhibited 

20 

426 

-38.2 

Uninhibited 

30 

426 

-43.8 

Uninhibited 

37 

426 

-47.7 

.000 IM  Octylamine 

8 

404 

-31.9 

.000 IM  Octylamine 

20 

404 

-37.6 

.000 IM  Octylamine 

30 

404 

-43.2 

.000 IM  Octylamine 

37 

404 

-46.9 

.00 IM  Octylamine 

8 

399 

-31.5 

.00 IM  Octylamine 

20 

399 

-37.3 

.00 IM  Octylamine 

30 

399 

-42.9 

.00 IM  Octylamine 

37 

399 

-46.5 

.OIM  Octylamine 

8 

381 

-30.9 

.OIM  Octylamine 

20 

381 

-34.7 

.OIM  Octylamine 

30 

381 

-41.8 

.OIM  Octylamine 

37 

381 

-45.7 

.000 IM  Quinoline 

8 

428 

-29.5 

.000 IM  Quinoline 

20 

428 

-35.5 

.000 IM  Quinoline 

30 

428 

-43.2 

.000 IM  Quinoline 

37 

428 

-45.4 

.00 IM  Quinoline 

8 

432 

-27.4 

.00 IM  Quinoline 

20 

432 

-37.0 

.00 IM  Quinoline 

30 

432 

-40.0 

.00 IM  Quinoline 

37 

432 

-44.4 

.OIM  Quinoline 

8 

482 

-24.9 

.OIM  Quinoline 

20 

482 

-29.5 

.OIM  Quinoline 

30 

482 

-37.7 

.OIM  Quinoline 

37 

482 

-42.1 

commonly  used  techniques  are  through  the  use  of  either  the  Langmuir, 
Tempkin,  or  Freundlich  adsorption  isotherms  (Szklarska-Smialowska  and 
Wieczorek,  1971).  Although  these  isotherms  were  originally  developed  to 
study  the  adsorption  of  gases  on  solids,  they  have  since  been  used  for 
inhibitor  studies.  The  major  assumption  that  must  be  made  to  use  any  of 
these  isotherms  is  that  “0,”  which  is  the  fraction  of  adsorption  sites  on 
the  metal  surface  that  are  occupied  by  adsorbed  inhibitor  molecules,  can 
be  represented  by  the  equation 

0=1“  C.R.  inhibited  solution  ^9^ 

C.R.  unhibited  solution 

where  C.R.  stands  for  corrosion  rate. 

The  simplest  of  these  three  isotherms  is  the  Langmuir  isotherm.  It  is 
based  on  the  assumptions  that  every  potential  adsorption  site  is 
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equivalent  and  that  the  ability  of  the  molecule  to  bind  there  is 
independent  of  whether  or  not  the  neighboring  sites  are  occupied  (Atkins, 
1978).  In  addition,  it  assumes  that  the  heat  of  adsorption,  Qa,  is  the  same 
for  all  sites  and  does  not  depend  on  6.  For  these  purposes  the  Langmuir 
isotherm  can  be  expressed  as 

e  =  KPa/(1  +  KPa),  (10) 

where  Pa  =  inhibitor  concentration  (Szklarska-Smailowska  and  Wiec- 
zorek,  1971),  and  K  =  equilibrium  constant  for  the  adsorption/ desorption 
reaction.  Equation  (10)  can  be  transformed  into  the  linear  equation 

0/(1  -0)  =  KPa.  (11) 

Thus  an  adsorption/ desorption  system  that  follows  the  Langmuir  model 
should  produce  a  linear  plot  using  equation  (11),  with  the  slope  =  K  and 
the  y-intercept  =  0.  Equation  (10)  is  sometimes  used  in  the  linear  form 
(Levine,  1978) 


Pa/0=1/K  +  Pa,  (12) 

which  produces  a  slope  =  unity  and  a  y-  intercept  =  1/K.  The  Langmuir 
isotherms  at  24°  C  for  octylamine  and  quinoline  using  equation  (11)  are 
given  in  Figure  1. 

The  determined  values  for  K  are  given  in  Table  4.  Because  for  any 
equilibrium  reaction 


AG  -  RTln(K),  (13) 

the  values  for  AGa  for  the  adsorption/ desorption  reactions  of  octylamine 
and  quinoline  were  determined  using  the  values  of  K,  and  are  also  given 
in  Table  4.  In  addition,  the  values  of  ASa  for  the  adsorption/ desorption 
reactions  were  calculated  using  the  relationship 

AS  =  -  (^AG)  (14) 

0  T  p 


and  are  listed  in  Table  4. 

It  has  been  shown  for  systems  that  obey  the  Langmuir  model  at 
constant  pressure  (Adamson,  1976),  that 

log  (02/ 0l)  =  -Qa  (1/Tl  -  1/T2)^ 

2.303R 


(15) 
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Figure  1.  Langmuir  adsorption  isotherms  for  low-carbon  steel  in  1.0  M  HCl  at  24°  C. 


where  Qa  =  the  adsorption  energy  (which  is  the  energy  that  the  adsorbing 
species  must  gain  if  it  is  to  desorb)  and  T  =  degrees  Kelvin.  The  values  of 
Qa  for  octylamine  and  quinoline  on  iron  at  0.0  IM  and  0.00  IM 
concentrations  were  calculated  using  the  corrosion  rates  in  Table  1  and 
equations  (9)  and  (15).  These  values  also  are  listed  in  Table  4. 

Inasmuch  as  the  Langmuir  isotherm  is  based  on  a  kinetic  model  that 
emphasizes  adsorption  as  a  dynamic  equilibrium  between  adsorbed 
molecules  and  desorbed  molecules,  by  a  statistical  mechanical  treatment 
it  can  be  shown  that  (Levine,  1978) 


r  - 


Toe— 


Qa/RT 


(16) 


where  r  is  the  average  residence  time  of  an  adsorbed  molecule  and  To  is  a 
value  of  about  10~^^  seconds.  Using  the  values  for  Qa  given  in  Table  4,  the 
values  for  r  were  determined  and  are  listed  in  Table  4.  Values  similar  to 
those  obtained  for  Figure  1,  were  measured  at  34°  C  and  44°  C,  and  were 
used  to  perform  the  calculations  for  K,  AGa,  and  ASa  summarized  in 
Table  4. 

The  remaining  two  isotherms  studied,  the  Tempkin  and  the  Freundlich, 
are  based  on  the  assumption  that  all  adsorption  sites  are  not  the  same 
and  that  the  value  for  Qa  at  any  site  depends  on  whether  or  not  the 
neighboring  sites  are  occupied  (Adamson,  1976). 

The  Tempkin  model,  which  assumes  that  Qa  varies  linearly  with  the 
pressure  of  the  adsorbing  species,  states  that 
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0  =  Ciln(C2KPA),  (17) 

where  Ci  and  C2  are  constants.  A  linear  equation  can  be  derived  from 
this  by  letting 


e  =  CilnC2K  +  CilnPA.  (18) 

Because  Ci,  C2,  and  K  are  constants,  the  Tempkin  isotherm  should 

produce  a  linear  plot  of  6  vs.  log  Pa,  where  for  this  study  Pa  is  the 

inhibitor  concentration.  The  Tempkin  isotherms  at  24°  C  are  shown  in 
Figure  2. 

The  Freundlich  isotherm,  an  empirical  isotherm,  which  assumes  that  Qa 
decreases  with  log  0,  states  that 

e  =  k(PA)''",  (19) 

where  k  and  n  (a  number  normally  >  1)  are  constants.  Equation  (19)  can 
be  rearranged  into  the  linear  expression 

In  0  =  Ink  +  (1/n)  (InPA).  (20) 

One  problem  with  the  Freundlich  equation  is  that  it  predicts  infinite  6  at 
infinite  Pa,  and  thus  is  normally  used  in  the  low-to-medium  range  of  6 
values  (Adamson,  1978).  The  Freundlich  isotherms  at  24°  C  are  shown  in 
Figure  3. 


Discussion 

The  Ea  value  of  66.7  kJ/mol  shown  in  Table  1  for  the  uninhibited  1.0 
M  HCl,  agrees  favorably  with  the  reported  values  (Frigani,  1980)  of  16.8 
kcal/mol  (70.3  kJ/mol)  determined  for  the  corrosion  of  mild  steel  in  1.0 
M  HCl,  and  a  median  value  of  14.5  kcal/mol  (60.7  kJ/mol)  reported 
(Riggs  and  Hurd,  1967)  for  the  corrosion  of  iron  in  various 
concentrations  of  HCl.  In  another  study  (Szklarska-Smailowska  and 
Dus,  1967)  involving  the  corrosion  of  low-carbon  steel  in  HCl  solutions 
in  the  presence  of  various  organic  phosphorous  compounds,  a  correlation 
was  made  between  increasing  values  of  the  Ea  for  inhibited  solutions  and 
the  inhibitor  effectiveness.  Because  the  effectiveness  of  octylamine  is  not 
as  sensitive  to  temperature  as  that  of  quinoline,  the  Ea  values  for 
quinoline  are  higher.  In  both  cases,  however,  the  Ea  values  do  increase 
with  increasing  inhibitor  concentration,  a  trend  one  should  expect  if  the 
inhibitors  interfere  with  either  or  both  of  the  electrochemical  half¬ 
reactions. 

Table  1  also  gives  the  y-intercept  values.  A’.  These  values  are  normally 
converted  to  units  of  M/hr  by  multiplying  A’  (g/cm^-hr)  by  the  surface 
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Figure  2.  Tempkin  adsorption  isotherms  for  low-carbon  steel  in  1.0  M  HCL  at  24° C. 


area  of  the  exposed  test  sample  (cm^)  divided  by  the  mass  of  1  mol  of 
iron  (55.8  g/mol).  If  one  assumes  that  the  only  reactant  concentration 
needed  in  equation  (3)  is  that  of  the  H"*"  and  that  the  order  of  the 
corrosion  reaction  of  low-carbon  steel  in  HCl  with  respect  to  the  [H"^]  is 
0.90  (Mathur  and  Vasudevan,  1982)  then  equation  (3)  becomes 

C.R.  =  [H+f'Ae'^a/RT  ^21) 

and  using  the  values  of  A’  in  units  of  M/hr,  the  values  for  “A”  may  be 
calculated.  The  “A”  values  are  listed  in  Table  1.  Using  equation  (1)  and  a 
value  of  “m”  =  0.90  for  the  [H'*']"’,  the  values  of  “k”  for  each  temperature 
also  may  be  determined.  These  values  are  listed  in  Table  1.  Because  [H'*'] 
=  1.0  M,  the  values  for  “k”  are  just  the  values  for  C.R.  expressed  in  M/ 
hr  divided  by  IM.  A  more  comprehensive  rate  equation  for  the  corrosion 
of  iron  in  HCl  of  concentrations  around  IM,  has  been  proposed 
(Rajagopalan  and  Venkatachari,  1980)  as 

C.R.  =  k[H+f  ^[Cr]."l  (22) 

The  Eo.c.  values  for  Table  2  give  indication  that  both  octylamine  and 
quinoline  may  be  affecting  the  corrosion  in  a  similar  manner.  The 
corrosion  potentials  for  iron  in  HCl  with  the  inhibitors  show  consistent 
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Figure  3.  Freundlich  adsorption  isotherms  for  low-carbon  steel  in  1.0  M  HCl  at  24° C. 


shifts  in  the  anodic  direction  as  the  inhibitor  concentration  increases, 
indicating  an  effect  on  the  anodic  reaction.  As  expected,  in  all  cases  the 
Eo.c.  values  increased  as  the  temperature  increased.  The  magnitude  of 
these  shifts  is  relatively  small  and  does  not  appear  to  be  proportional  to 
changes  in  the  corrosion  rate.  Similar  shifts  have  been  observed  with 
other  amines  in  strong  acid  environments  (Annand  et  al.,  1965).  The 
calculated  thermodynamic  values  for  the  corrosion  reaction  in  uninhi¬ 
bited  and  inhibited  1.0  M  HCl  are  listed  in  Table  3.  Quinoline  appears  to 
have  the  greatest  effect  on  both  AG  and  AS  of  the  reaction.  The  changes 
in  AG  follow  the  above  mentioned  trend  in  Eo.c.  values.  The  opposite 
trends  in  AS  for  the  two  inhibitors  will  be  discussed  below. 

Of  the  three  isotherms  studied,  only  the  Langmuir  model  proved  to  be 
a  useful  one  for  24°  C,  34°  C,  and  44°  C.  The  higher  Qa  values  for 
quinoline  (see  Table  4)  give  evidence  that  the  metal/ inhibitor  interaction 
is  more  favorable  for  quinoline  than  for  octylamine.  A  Qa  value  of  17.15 
kJ/mol  has  been  reported  (Riggs  and  Hurd,  1967)  for  quinoline  in  2.0  M 
HCl.  It  should  be  pointed  out  that  all  of  these  values  are  less  than  those 
normally  assumed  for  chemisorption  in  aqueous  systems  around  40  kJ  or 
more  (Hackerman,  1962).  The  difference  in  Qa  values  account  for  the 
differences  in  residence  time  for  the  adsorbed  inhibitor  molecules.  As 
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expected,  the  values  decrease  as  temperature  increases.  As  mentioned 
above,  the  Langmuir  model  assumes  that  Qa  should  not  depend  on  6. 
Obviously  this  assumption  is  a  false  one,  and  at  higher  6  values  (caused 
by  increasing  concentration  of  the  inhibitor)  one  should  expect  Qa  to 
become  less  negative.  Equation  (14)  was  derived  assuming  low  values  of 
Pa  (Adamson,  1979).  Thus  for  this  study,  the  Qa  and  r  values  for  0.00 IM 
concentrations  should  be  considered  as  a  more  accurate  indication  of  the 
attractive  forces  between  the  adsorbing  molecule  and  the  iron  solution 
interface.  Because  Qa  is  exothermic  and  AS  positive,  the  decreasing  trend 
in  K  and  AGa  as  the  temperature  increases  should  be  expected.  The  K 
and  AGa  values  for  octylamine  are  more  favorable  than  those  for 
quinoline  at  each  temperature.  The  values  for  ASa  give  additional 
evidence  that  quinoline  is  interacting  with  the  corroding  iron  more 
energentically  than  octylamine.  A  AGa  value  of  -5.7  kcal/mol  (-23.8  kJ/ 
mol)  has  been  reported  (5)  for  octylamine  on  mild  steel  at  25° C  in  IN 
H2SO4,  based  on  a  Frumkin  adsorption  isotherm. 

It  has  been  proposed  that  amines  such  as  quinoline  lie  flat  on  the 
inhibited  metal  surface,  whereas  aliphatic  amines  (for  example,  octylam¬ 
ine)  are  adsorbed  in  some  manner  via  an  interaction  of  the  amine 
nitrogen  at  the  metal  solution  interface  such  that  their  hydrophobic 
hydrocarbon  tails  are  free  to  move  about  in  the  solution  (Blomgren  and 
Bockris,  1959).  It  is  suggested  that  additional  interaction  between  the  tt- 
orbitals  of  quinoline  with  the  d-orbitals  of  the  iron  adds  additional 
stability  to  the  adsorbed  inhibitor  molecules. 

Conclusions 

In  comparing  these  two  inhibitors,  it  appears  that  they  may  react  by 
different  mechanisms  to  inhibit  the  dissolution  of  iron  in  1.0  M  HCl. 
The  larger  shifts  in  Eo.c.,  the  higher  Ea,  Qa,  r,  and  ASa  values;  and  the 
larger  AS  values  for  the  corrosion  reaction  with  quinoline  indicate  that  it 
is  involved  more  energetically  with  the  metal/ solution  interface  than 
octylamine.  Because  quinoline  is  a  much  weaker  base  it  should  be  easier 
for  it  to  discharge  its  proton  at  the  electrical  double  layer  and  thus  be 
chemisorbed.  The  availability  of  its  7r-orbitals  to  interact  with  the  iron  d- 
orbitals  should  enhance  this  reaction. 

It  is  generally  agreed  that  in  a  highly-acidic  chloride  environment,  the 
iron  surface  should  have  almost  a  complete  surface  coverage  of  FeCLads, 
which  is  the  precursor  to  active  dissolution  (Leidheiser,  1979).  Inasmuch 
as  the  protonated  octylamine  ion  should  be  more  stable  than  the 
protonated  quinoline  ion,  it  may  have  a  stronger  attraction  to  the  iron 
via  a  cooperative  adsorption  process  with  the  FeCLads.  This  should  act  to 
retard  the  proposed  rate-determining  step  for  iron  dissolution  in  acidic 
chloride  environments.  The  higher  K  values  indicate  a  more  favored 
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equilibrium  for  the  adsorbed  octylamine  species.  The  larger  surface 
coverage  of  the  long  hydrophobic  chain  of  octylamine  should  tend  to 
retard  the  reverse  reaction  for  the  adsorbed  inhibitor  species.  If  the 
octylamine  ion  is  oriented  vertically  with  respect  to  the  iron  surface  with 
the  amine  group  directed  toward  the  metal,  it  should  provide  a  relatively 
large  coverage  due  to  the  movement  of  the  hydrocarbon  chain  at  the 
double  layer/ solution  interface.  If,  as  proposed  by  some  (Szklarska- 
Smailowska  and  Wieczorek,  1971),  it  is  oriented  parallel  to  the  metal 
surface,  it  would  provide  a  much  larger  surface  coverage  than  quinoline. 
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DIEL  FORAGING  ACTIVITY  OF 

SOLENOPSIS  INVICTA  AND  TWO  NATIVE  SPECIES  OF  ANTS 
(HYMENOPTERA:  FORMICIDAE)  IN  TEXAS 

David  M.  Claborn,  Sherman  A.  Phillips,  Jr.,  and 
Harlan  G.  Thorvilson 

Department  of  Entomology,  Texas  Tech  University,  Lubbock,  Texas  79409 

Abstract. — The  foraging  activity  of  three  predominant  ant  species  in  Bandera  County, 
Texas,  was  monitored  from  June  through  August.  A  grid  system  of  pitfall  traps  was  used  to 
detect  both  nocturnal  and  diurnal  activity.  Two  species,  Solenopsis  invicta  Buren  and 
Conomyrma  sp.,  were  primarily  nocturnal  foragers,  and  were  found  to  utilize  synchronously 
the  same  foraging  area.  The  third  species,  Forelius  pruinosus  (Roger),  foraged  extensively  in 
the  same  area,  but  during  the  diurnal  period.  This  temporal  separation  in  foraging  activity 
exhibited  by  E  pruinosus  may  allow  it  to  more  readily  coexist  with  S.  invicta  and 
Conomyrma  sp.  However,  the  details  of  habitat  partitioning  that  allow  the  apparent 
coexistence  of  Conomyrma  sp.  and  S.  invicta  are  unknown.  Key  words:  ants;  Solenopsis-, 
Conomyrma-,  Forelius-,  Texas. 

Interspecific  and  intraspecific  aggression  among  ants  is  common.  These 
interactions  may  reduce  foraging  efficiency  to  such  an  extent  that  more 
food  can  be  obtained  by  those  species  exhibiting  a  temporal  separation  of 
activity,  even  if  the  foraging  periods  are  of  shorter  duration  (Wilson, 
1971).  Thus,  the  times  of  peak  foraging  activity  among  ant  species  may 
be  conspicuously  different,  especially  if  those  species  utilize  a  common 
food  source  in  a  common  habitat  (Sudd,  1967). 

Soil  surface  temperatures  are  correlated  with  foraging  activity  of  many 
ant  species.  These  temperature  cues  determine  not  only  the  time  of  day 
during  which  a  species  exhibits  peak  foraging  activity,  but  also  the  time 
of  year  in  which  a  species  is  most  active  (Bernstein,  1979).  For  example, 
Veromessor  pergandei  Mayr  is  able  to  forage  only  during  periods  of 
cooler  temperatures,  and  forages  most  of  the  day  during  early  spring  and 
late  autumn.  Conversely,  Pogonomyrmex  californicus  (Buckley)  forages 
only  during  warmer  temperatures  and  exhibits  maximum  activity  during 
midsummer.  Hunt  (1974)  reported  Dorymyrmex  antarcticus-Arauocmyr- 
mex  antarcticus  (Forel)  at  bait  stations  soon  after  placement  in  early 
morning;  however,  when  temperatures  increased  during  midday,  Tapi- 
noma  antarcticum  Forel  dominated  the  baits.  As  temperatures  decreased, 
the  baits  were  subsequently  reoccupied  by  D.  antarcticus.  Hunt 
hypothesized  that  this  temporal  separation  in  foraging  activity  contributes 
to  the  coexistence  of  these  two  species. 

The  arboreal  ant  species,  Prenolepis  imparts  (Say)  and  Formica 
shauffussi  Mayr,  exhibit  a  seasonal  separation  in  foraging  activity  (Post 
and  Jeanne,  1982).  At  the  beginning  and  at  the  end  of  the  summer,  P. 
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imparis  is  most  dominant  at  baits.  However,  E.  shauffussi  is  most 
dominant  during  the  midsummer.  In  addition,  the  diel  activity  pattern  of 
P.  imparis  changes  over  the  course  of  a  season.  Foraging  activity  is  most 
pronounced  during  late  afternoon  in  April,  but  shifts  to  early  morning, 
late  afternoon,  and  night  from  May  through  August. 

One  of  the  predominant  ants  of  central  Texas  is  the  red  imported  fire 
ant,  Solenopsis  invicta  Buren.  Since  the  importation  of  this  pest  near 
Mobile,  Alabama  (around  1940),  it  has  spread  rapidly  throughout  the 
southern  and  southeastern  United  States  (Lofgren,  1986).  This  species  is 
aggressive,  and  has  competitively  displaced  much  of  the  native  ant  fauna 
by  direct  or  indirect  competition  (Wilson  and  Brown,  1958;  Reagan  et  al., 
1972;  Whitcomb  et  al.,  1972). 

In  a  previous  study  involving  ants  of  central  Texas,  Claborn  and 
Phillips  (1986)  noted  the  activity  schedules  of  several  species  attracted  to 
baits.  Although  red  imported  fire  ants  primarily  were  collected  at  these 
baits  during  the  cooler  night  and  early  morning  temperatures,  workers 
also  were  drawn  to  the  baits  during  the  higher  temperatures  recorded  at 
midday.  Apparently,  recruitment  to  these  rich  food  sources  continued, 
even  though  these  higher  temperatures  caused  the  death  of  many  red 
imported  fire  ant  foragers,  as  evidenced  by  dead  workers  at  the  bait 
stations.  Because  of  this  recruitment  behavior,  no  significant  differences 
in  temporal  activity  of  S.  invicta  were  detected,  although  trends  were 
indicated.  However,  other  species — Monomorium  minimum  (Buckley), 
Forelius  foetidus  (Buckley),  and  Forelius  pruinosus  (Roger) — exhibited 
significantly  greater  foraging  activity  diurnally  compared  to  their 
nocturnal  activity.  Therefore,  the  objective  of  the  present  study  was  to 
determine  relationships  in  the  spatio-temporal  foraging  activity  of 
selected  predominant  ant  species  during  peak  foraging  in  central  Texas. 

Materials  and  Methods 

Two  study  sites  were  selected  in  Bandera  County,  Texas.  Site  A  consisted  of 
approximately  eight  hectares  of  improved  pasture  and  was  located  10  km.  SW  Bandera. 
Site  B  was  an  unimproved  pasture  (approximately  four  hectares)  located  7  km.  N  Bandera. 
Unbaited  pitfall  traps  were  positioned  one  meter  from  each  other  within  a  grid  of  20  by  20 
meters  randomly  positioned  within  each  site.  This  arrangement  resulted  in  a  total  of  400 
traps  per  site.  Each  trap  consisted  of  a  440  milliliter  plastic  cup  (outside  circumference,  30 
centimeters)  that  was  lined  with  unscented  talc  to  prevent  ant  escape.  A  second  plastic  cup 
served  as  a  protective  outer  sleeve  for  the  trap  and  was  left  in  place  throughout  the  summer 
months.  This  sleeve  not  only  allowed  ants  to  forage  throughout  the  grid  system  at  both  sites 
without  being  trapped,  but  also  prevented  soil  disturbance  during  placement  of  pitfall  traps 
during  sampling  intervals,  thereby  circumventing  problems  associated  with  removal  and 
reinsertion  of  traps  (Southwood,  1978).  Sampling  was  delayed  several  weeks  to  allow 
recovery  from  the  “digging-in  effect”  (Greenslade,  1973;  Joosse,  1965)  caused  by  disturbance 
to  the  plots.  This  time  delay  also  allowed  re-routing  of  both  surface  and  subterranean 
foraging  trails  by  the  different  ant  species.  Sampling  occurred  from  2200  to  0100  hours  and 
1300  to  1600  hours  (C.D.S.T.)  at  two-week  intervals  from  June  through  August  at  each 
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plot.  The  time  periods  selected  for  sampling  corresponded  with  reported  maximum  and 
minimum  foraging  activites,  respectively,  of  S.  invicta  during  the  summer  months  in  central 
Texas  (Claborn  and  Phillips,  1986).  Trap  contents  were  removed  at  the  end  of  each 
sampling  period  and  all  ants  were  identified.  Conomyrma  specimens  were  not  identified  to 
species  because  the  genus  is  presently  in  need  of  taxonomic  revision.  Because  taxonomic 
keys  (Trager,  1984)  require  the  presence  of  male  genitalia  to  reliably  differentiate  between 
Paratrechina  terricola  (Buckley)  and  Paratrechina  vividula  Mayr,  we  could  not  apply  a 
specific  name  to  female  specimens.  In  addition,  some  data  were  destroyed  by  inclement 
weather,  resulting  in  five  sampling  dates  for  site  A  (20  June;  7,  11  July;  6,  12  August,  1984) 
and  three  sampling  dates  for  site  B  (25  June,  15  July,  14  August,  1984). 

Frequencies  of  traps  occupied  were  calculated  for  each  of  the  predominant  species  during 
nocturnal  and  diurnal  sampling  periods  throughout  the  summer  months  (data  from 
sampling  dates  pooled).  The  means  of  the  square-root  transformed  frequencies  (number  of 
traps  occupied  per  species)  for  the  two  sampling  periods  were  compared  using  Student’s 
paired  t~test  (Steel  and  Torrie,  1980).  This  analysis  allowed  comparison  of  differences  in  the 
percent  area  occupied  by  each  species  between  the  nocturnal  and  the  diurnal  sampling 
periods  (each  trap  representing  one  square  meter).  These  comparisons  were  used  to  identify 
differences  in  temporal  foraging  activity. 

Two-by-two  contingency  tables  were  constructed  based  on  the  number  of  traps  in  which 
any  two  of  the  three  predominant  species  occurred  together  in  the  same  trap  during  a 
sampling  period.  These  data  were  analyzed  using  Chi-square  procedure  (Pielou,  1974)  to 
identify  associations  between  predominant  species.  This  analysis  allowed  comparisons  of 
spatial  foraging  activity.  Yule’s  coefficient  was  calculated  to  determine  the  direction  of  the 
significant  associations  (Cole,  1949). 


Results 

The  same  seven  ant  species  were  collected  at  both  sites.  Although  5'. 
invicta  was  collected  in  large  numbers  at  both  plots,  Forelius  pruinosus 
and  Conomyrma  sp.  frequently  were  collected  at  site  A,  but  infrequently 
at  site  B  (Table  1).  The  frequencies  of  capture  of  each  of  the  other  four 
species,  Monomorium  minimum,  Pogonomyrmex  barbatus  (F.  Smith), 
Forelius  foetidus,  and  Paratrechina  terricola j  vividula,  were  too  low  for 
meaningful  statistical  analyses. 

At  sites  A  and  B,  greater  than  90  percent  of  the  individuals  of  S. 
invicta  foraged  nocturnally  (Table  1).  Conomyrma  sp.  exhibited  the  same 
foraging  pattern,  in  that  95.9  percent  of  the  individuals  foraged  at  night. 
In  contrast  to  these  two  species,  1.1  percent  and  36.2  percent  of  F 
pruinosus  foraged  during  the  day  at  sites  A  and  B,  respectively. 

The  percent  area  occupied  by  each  species  during  day  and  night  was 
consistent  with  the  densities  of  each  species  detected  within  each  daily 
time  period  (Table  2).  The  night-time  foraging  area  of  the  red  imported 
fire  ant  was  about  eight  times  as  large  as  the  day-time  foraging  area  from 
June  through  August  (site  A — P  <  0.05,  d.f.  =  4;  site  B:  P  <  0.001,  d.f. 
=  2).  Conomyrma  sp.  also  exhibited  nocturnal  foraging  behavior,  the 
area  of  which  was  approximately  16  times  as  great  as  its  diurnal  foraging 
area  (site  A — P  <  0.001,  d.f.  =  4).  In  contrast,  F  pruinosus  occupied 
only  1.2  percent  of  the  traps  diurnally  and  46.5  percent  of  the  traps 
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Table  1.  Comparison  of  nocturnal  and  diurnal  foraging  activity  (June- August)  of  three 
species  of  ants  in  Bandera  County,  Texas. 


Species 

Site 

No.  of  individuals  (%  of  total  catch) 

2200-0100  hours 

1300-1600  hours 

Solenopsis  invicta 

A 

3599  (93.4%) 

255  (6.6%) 

B 

3229  (94.5%) 

186  (5.5%) 

Forelius  pruinosus 

A 

22  (1.1%) 

2016  (98.9%) 

B 

113  (63.8%) 

64  (36.2%) 

Conomyrma  sp. 

A 

1066  (95.9%) 

45  (4.1%) 

B 

6  (100%) 

0  (0%) 

nocturnally  at  site  A  {P  <  0.001,  d.f.  =  4).  However,  consistent  with 
detected  densities  (Table  1),  no  differences  in  nocturnal  and  diurnal 
foraging  activity  were  detected  for  this  species  at  site  B  (P  >  0.05,  d.f.  = 
2). 

Analysis  of  the  co-occurrence  of  the  three  predominant  ant  species 
indicates  strong  associations  between  the  nocturnal  and  diurnal  foragers 
(Table  3).  In  addition,  the  direction  of  these  associations  for  each  species 
pair  remains  consistent  through  time.  The  coefficients  of  association 
indicate  a  positive  interaction  between  Conomyrma  sp.  and  5'.  invicta; 
however,  a  negative  interaction  exists  between  each  of  these  two 
nocturnal  foragers  and  the  diurnal  forager,  E  pruinosus.  Although  a 
negative  association  was  indicated,  65  percent  of  the  traps  occupied 
nocturnally  by  S.  invicta  also  were  occupied  diurnally  by  F.  pruinosus. 

Discussion 

Pitfall  traps  are  commonly  used  to  monitor  ground-foraging  arthropod 
populations  in  the  field.  Although  problems  may  exist  with  interpretation 
of  pitfall  trap  results  (that  is,  some  species  are  more  easily  trapped  than 
others),  Adis  (1979)  contended  that  pitfall  catches  do  indicate  temporal 
patterns  of  dispersal  and  even  annual  periodicities  of  activity.  In  addition, 
this  technique  has  been  used  to  study  the  biology  and  foraging  behavior 
of  S.  invicta,  and  the  interaction  of  this  species  with  native  ants 
(Apperson  and  Powell,  1984;  Reagan  et  al.,  1972;  Wojcik  et  al.,  1972). 
Although  population  densities  of  highly  mobile  animals  can  be  influenced 
by  discrete  habitats,  such  as  a  grid  of  pitfall  traps  (Southwood,  1978), 
comparisons  between  species  in  the  present  study  are  based  on  relative 
captures  and  are  thus  not  density  dependent.  In  addition,  even  though 
some  species  are  more  susceptible  to  trap  capture,  such  variation  has  no 
effect  on  our  analyses  because  the  efficiencies  of  capture  for  each  species 
are  constant  relative  to  trapping  intervals. 

Two  of  the  predominant  species  detected  in  this  study  {F.  pruinosus 
and  Conomyrma  sp.)  are  members  of  the  subfamily  Dolichoderinae  and 
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Table  2.  Comparison  of  nocturnal  and  diurnal  foraging  activity  (June-August)  of  three 
species  of  ants  in  Bandera  County,  Texas. 


Species 

Site 

Mean  %  trap  catches  (±  S.D.) 

2200-0100  hours  1300-1600  hours 

t-value 

Solenopsis  invicta 

A 

64.0(±12.9)a' 

8.0  (±7.4)b 

12.2^ 

B 

70.0(±11.3)a 

8.8(±10.8)b 

15.9 

Forelius  pruinosus 

A 

1.2  (±l.l)a 

46.5(±10.3)b 

21.9 

B 

10.5  (±5.7)a 

5.6  (+3.9)a 

4.1 

Conomyrma  sp 

A 

31.0(+14.3)a 

1.7  (+5.6)b 

9.0 

B' 

— 

— 

— 

’Values  within  a  row  followed  by  the  same  letter  are  not  significantly  different  {P  >  0.05: 
d.f.  site  A  =  4;  d.f.  site  B  =  2). 

^Means  of  the  square  root  transformed  percents  compared  using  Student’s  paired  t-test. 

^Frequency  of  capture  too  low  for  meaningful  analysis. 

are  honeydew  collectors  and  entomophagous  predators  (Creighton,  1950). 
The  negative  association  detected  by  our  analyses  indicates  that  these 
ants  may  be  temporally  partitioning  resources  by  a  separation  in  activity 
during  the  peak  seasonal  foraging  period  (summer)  in  central  Texas.  An 
overlap  in  food  type  by  many  animals  often  is  compensated  for  by  such  a 
temporal  separation  of  activity  (Schoener,  1974).  Even  if  the  foraging 
schedules  of  the  species  of  this  study  are  a  consequence  of  the 
physiological  or  morphological  characteristics  of  the  foragers,  this 
behavior  may  be  further  maintained  by  a  need  to  partition  resources.  In 
addition,  because  ants  are  less  constrained  by  morphology  with  regard  to 
resource  allocation  than  many  other  animals  (Culver,  1974),  interspecific 
interactions  may  be  mediated  by  such  behavioral  differences.  Therefore, 
niche  separation  by  differing  foraging  strategies  may  be  an  example  of  a 
behavoral  solution  to  these  interspecific  interactions  (Davidson,  1977). 
Because  foragers  have  the  primary  task  of  food  collection,  their 
phenotype  has  evolved  to  maximize  the  reproductive  success  of  the 
colony  (Bernstein,  1979).  Reduced  competition  achieved  by  interspecific 
temporal  separation  of  foraging  activity  may  be  a  product  of  selection. 

Although  invicta  belongs  to  a  different  subfamily  (Myrmecinae),  it  is 
omnivorous  and  possibly  competes  to  some  degree  either  directly  or 
indirectly  for  food  with  the  other  species  of  the  area.  Because  65  percent 
of  the  traps  occupied  nocturnally  by  S.  invicta  were  occupied  diurnally 
by  F.  pruinosus,  the  negative  association  is  not  a  result  of  spatial 
separation,  but  rather  a  result  of  temporal  separation  in  peak  foraging 
activities.  Conversely,  the  positive  association  indicated  between  S. 
invicta  and  Conomyrma  sp.  reveals  that  these  species  not  only  forage 
concurrently,  but  also  forage  syntopically,  as  indicated  by  co-occurrences 
in  the  traps.  However,  if  resources  are  limited,  it  is  not  yet  clear  whether 
competitive  displacement  may  eventually  occur  or  whether  these  species 
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Table  3.  Comparison  of  pair  associations  (June- August)  for  three  predominant  species  of 
ants  in  Bandera  County,  Texas. 


Species  pairs 

Site 

Month 

Coeff.  of  assoc.' 

Conomyrma  sp. 

A 

June 

0.75 

128.15** 

Solenopsis  invicta 

July 

0.88 

184.67** 

August 

0.71 

95.69** 

Forelius  pruinosus 

A 

June 

-0.99 

271.47** 

Solenopsis  invicta 

July 

-0.87 

133.21** 

August 

-0.73 

26.73** 

Forelius  pruinosus 

B 

June 

0.21 

1.22  ns 

Solenopsis  invicta 

July 

-0.21 

1.35  ns 

August 

-0.10 

0.01  ns 

Conomyrma  sp. 

A 

June 

-0.91 

115.44** 

Forelius  pruinosus 

July 

-1.00 

55.83** 

August 

-0.73 

26.73** 

'Yule’s  coefficient  calculated  to  determine  direction  of  association. 
^Contingency  tables  analyzed  using  Chi-square  (P  <  0.05;  d.f.  =  1). 
**  =  /><  0.01;  ns  =  not  significantly  different. 


are  successfully  partitioning  resources  in  a  manner  which  allows  their 
coexistence. 
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ARE  DUST  PARTICLES  NECESSARY  FOR  RAIN? 


C.  Bandy 

Department  of  Mathematics,  Southwest  Texas  State  University,  San  Marcos,  Texas  78666 


Abstract. — A  model  for  rain  development  is  formulated  from  a  system  of  ordinary 
differential  equations.  The  properties  of  periodic  solutions  are  used  to  study  the  outcome 
when  no  condensation  nuclei  are  present.  Key  words:  simply  connected  domain;  periodic 
solution. 


In  the  classical  theory  of  cloud  physics  (Pruppacher  and  Klett,  1978; 
Rogers,  1976;  Shaeffer  and  Day,  1981),  three  main  ingredients  are 
deemed  necessary  for  the  initiation  of  cumulus  cloud  growth — sufficient 
water  vapor,  an  updraft  of  air,  and  particles  of  dust  suspended  in  the 
atmosphere.  We  assume  cumulus  clouds  do  not  contain  ice  particles.  An 
important  characteristic  of  the  lower  atmosphere  is  that  there  are  always 
enough  dust  particles  suspended  in  it  to  initiate  cumulus  development 
(Rogers,  1976). 

Let  x(t)  denote  the  number  of  rain  drops  at  time  t,  y(t)  the  number  of 
cloud  droplets  are  time  t,  and  z(t)  the  number  of  dust  particles  at  time  t. 
Here  I  use  rain  drops  to  mean  those  heavy  enough  to  fall  to  the  earth 
and  cloud  droplets  to  mean  those  suspended  in  the  atmosphere. 

Rain  Drop  Equation 

If  we  choose  two  cloud  droplets  x  and  y  at  random,  then  the 
probability  they  will  coalesce,  over  some  time  interval  dt,  is  the 
probability  that  x  collides  with  y  multiplied  by  the  probability  that  x 
coalesces  with  y  given  x  collides  with  y.  To  simplify  the  problem,  assume 
that  any  collision  of  cloud  droplets  leads  to  momentary  coalescense,  that 
is,  the  probability  that  x  coalesces  with  y,  given  x  has  collided  with  y  is 
one.  Furthermore,  for  small  dt  two  cloud  droplets  will  encounter  each 
other  only  once.  The  number  of  ways  y(t)  objects  can  combine  in  pairs  is 

C(y(t),2)  =  2!(y(?)-2)!  Therefore,  if  ai  is  the 

probability  that  two  cloud  droplets  collide,  then  the  number  of  rain  drops 
produced  by  cloud  droplet  collision  is  given  by  (y\t)~y(t)).  The 
assumptiom  is  that  collision  of  two  cloud  droplets  results  in  a  raindrop. 

A  signficant  number  of  times  when  two  rain  drops  combine,  the 
resulting  rain  drop  is  unstable  and  will  break  up  into  many  rain  drops. 
An  argument  similar  to  the  one  above  will  give  (x^(t)— x(t)),  where 

bi,  is  the  probability  that  two  rain  drops  break  up. 

Finally,  to  account  for  the  number  of  rain  drops  that  fall  to  earth  we 
have  —Cl  x(t),  where  ci  is  the  probability  that  a  rain  drop  will  fall  to 
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earth.  Therefore,  the  rate  of  growth  of  the  rain  drop  population  will  be 
given  by 


=  a,  [y^(t)-y(t)]  +  ^L[x2(t)-x(t)]-c,x(t).  (1) 

Cloud  Droplet  Equation 

The  principle  way  cloud  droplets  are  formed  is  by  condensation  around 
dust  particles.  Assuming  moisture  is  plentiful,  the  number  of  cloud 
droplets  formed  by  condensation  is  directly  proportional  to  the  number 
of  dust  particles.  The  break  up  of  unstable  rain  drops  also  will  have  a 
positive  influence  on  the  cloud  droplet  population.  Therefore  the  birth  of 
cloud  droplets  is  given  by  a2z(t)  +  [x^(t)— x(t)].  These  birth  processes 

are  accompanied  by  death  processes.  To  keep  the  problem  simple,  let  us 
consider  only  two  death  processes:  coalescence  between  cloud  droplets 
and  coalescence  between  cloud  droplets  and  rain  drops.  Hence,  death 
processes  for  cloud  droplets  will  be  of  the  form  — C2x(t)y(t)  — 
d2(y^(t)— y(t)).  Therefore,  the  equation  for  the  growth  rate  of  cloud 
droplets  is  given  by 

=  a2z(t)  +  (x^(t)-x(t))-C2x(t)y(t)-  [y2(t)-y(t)],  (2) 

Where  all  constants  are  probabilities,  hence  betewen  zero  and  one. 

Dust  Particles  Equation 

The  atmosphere  has  a  limited  carrying  capacity  for  dust  particles.  The 
growth  of  dust  particles  is  represented  by  a3z(t)  —  b3Z^(t).  The  carrying 
capacity  of  the  atmosphere  is  the  number  — and  this  number  is  the 
upper  limit  to  the  number  of  dust  particles^  in  the  lower  atmosphere. 
Here,  a3  and  b3  are  positive  constants,  but  they  do  not  represent 
probabilities.  The  death  rate  for  dust  particles  will  be  the  interactions 
between  rain  and  dust,  and  cloud  droplets  and  dust.  Hence  the  equation 
is 


=  z(t)  [as  -  b3z(t)  -  C3y(t)  -  d3x(t)],  (3) 

where  all  constants  are  non-negative  real  numbers. 

Analysis 

Assuming  there  are  no  dust  particles,  it  is  of  interest  to  know  whether 
the  system  (1),  (2),  (3),  has  a  nonconstant  positive  periodic  solution.  The 
existence  of  such  a  solution,  because  of  the  absence  of  dust  particles  for 
condensation  to  occur,  will  be  due  only  to  coalescence  of  cloud  droplets 
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Figure  1.  ai  =  .2,  bi  =  .5,  ci=  .1,  hi  =  .1,  ci—  1,  d2=  A. 


and  break  up  of  rain  drops.  If  z  equals  0,  then  the  system  (1),  (2),  (3) 
reduces  to 


=  ai  (y^  -  y)  +-^  (x"  -  x)  -  cix  , 

(x^  -  X)  -  C2xy  (y^  -  y).  (4) 

Theorem  1. — If  positive  initial  conditions  are  given,  then  for  any  later 
time  t,  x(t),  y(t),  z(t)  are  all  positive.  Proof  of  this  theorem  will  appear  in 
the  College  Mathematics  Journal. 


Theorem  2. — If  positive  initial  conditions  are  given  and  the  coefficients 
of  system  (4)  satisfy  bi  <  C2  ,  di  <  hi  +  2ci,  then  (4)  has  no  nontrinial 
positive  periodic  solution. 

The  following  theorem  was  given  by  Boyce  and  De  Prima  (1969).  If  the 
function  F  and  G  have  continuous  first  partial  derivatives  in  a  simply 
connected  domain  D  the  xy-plane  and  Fx  +  Gy  has  the  same  sign 
throughout  D,  then  there  is  no  periodic  solution  to  =  F,  =  G 

lying  entirely  in  D.  ^ 

Applying  this  theorem  to  (4),  yields 
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Fx  =  bix  ~  Cl,  Gy  =  -  C2X  —  diy  + 

Fx  +  Gy  =  (bi  -  C2)x  -  d2y  + 

Because  x  and  y  are  always  positive  by  theorem  1,  then  if  bi  <  C2  and  d2 
<  bi  +  2ci,  Fx  +  Gy  is  negative.  Hence,  if  bi  <  ci  and  d2  <  bi  +  2ci, 
then  there  is  no  periodic  solution  contained  in  the  region  x  >  0  and  y 
>0. 


Conclusion 

According  to  theorem  2,  there  can  be  no  rain  fall  if  bi  <  C2  and  d2  < 
bi  +  2ci.  Therefore,  there  can  be  no  rain  fall  if  the  probability  that  a  rain 
drop  breaks  up  is  less  than  the  probability  that  a  rain  drop  and  cloud 
droplet  collide  and  the  probability  that  two  cloud  droplets  collide  is  less 
than  the  probability  that  a  rain  drops  breaks  up  plus  twice  the 
probability  that  a  rain  drop  will  fall  to  earth.  Given  x(0)  and  y(0)  both 
positive,  cloud  droplet  formation  can  continue  with  the  absence  of  dust 
particles.  This  process  is  called  “expontaneous  nucleation”  (Shaeffer  and 
Day,  1982).  In  this  process,  the  supersaturation  of  the  atmosphere,  is 
such  that  water  vapor  condenses  without  dust  being  present. 
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SEXSPECIFIC  BEHAVIOR  IN  GREYLAG  GEESE, 
ANSER  ANSER  LINNAEUS 


Robert  Huber 

Konrad- Lorenz- Institute,  Austrian  Academy  of  Sciences,  A-4645  Griinau  11,  Austria,  and 
Zoological  Institute,  University  of  Salzburg,  Hellbrunnerstrasse  34,  A-5020 
Salzburg,  Austria. 

Abstract. — A  quantitative  behavioral  study  was  conducted  on  six  heterosexual  pairs  in  a 
flock  of  130  free-flying  greylag  geese.  The  partners  in  these  pairs  did  not  exhibit  different 
patterns  of  behavior  between  the  sexes  but  did  differ  in  the  frequency  of  the  observed 
behaviors,  such  as  in  offensive  agonistic  behavior,  defensive  agonistic  behavior,  and  social 
behavior.  Key  words:  Anser  anser;  Anatidae;  behavior;  sexspecific. 


Most  monogamous  species  are  characterized  by  a  reduction  in  sexual 
dimorphism.  In  greylag  geese,  Anser  anser  Linnaeus,  as  in  other  members 
of  the  subfamily  Anserinae  such  as  the  Canada  goose,  both  sexes  exhibit 
cryptic  feather  patterns  and  the  human  observer  is  virtually  incapable  of 
distinguishing  sexes  in  the  field.  It  has  been  suggested  that  in  long-lasting 
monogamous  pair  bonds,  where  a  suitable  partner  of  the  opposite  sex 
need  not  be  found  each  mating  season,  bold  visual  signals  are  not 
necessary  for  establishing  a  pair  bond  (Campbell  and  Lack,  1985).  With 
visual  signals  thus  reduced,  behavioral  differences  may  increase  in 
importance  both  for  initial  pair  formation  and  for  the  maintenance  of  the 
pair  bond  (Welty,  1982).  This  study  attempts  to  identify  possible 
differences  in  the  behavior  of  male  and  female  greylag  geese  that  are 
believed  to  play  an  essential  role  in  the  formation  and  maintenance  of  the 
pair  bond. 


Methods 

This  study  was  carried  out  at  the  Konrad-Lorenz-Institute  in  Griinau  im  Almtal,  Austria, 
where  a  flock  of  approximately  130  tame,  free-flying  greylag  geese  was  established  as 
described  in  Kalas  (1979). 

Listing  of  behavior  patterns  and  their  definitions  follow  Kalas  (1977).  All  patterns  of 
agonistic,  social-binding,  and  sexual  behavior  were  used  for  this  study.  Agonistic  behavior 
was  defined  as  a  “conduct  associated  with  threat  and  the  response  to  it”  (Barnett,  1981)  and 
can  be  classified  as  either  offensive  (threatening  postures,  charges,  and  so  on)  or  defensive 
(flight,  vigilant  behavior,  and  so  forth).  All  vocalized  behavior  that  is  assumed  to  have  an 
effect  in  forming  and  strengthening  the  pair  bond  has  been  combined  in  the  category  of 
social-binding  behavior.  Sexual  behavior  comprises  patterns  concerning  courtship  and 
mating. 

Over  a  single  year,  200  observation  periods  of  15  minutes  each  were  collected  for  both 
partners  of  six  well-established  heterosexual  pairs.  For  each  minute  an  occurrence  of  any  of 
the  patterns  of  behavior  was  noted.  G-tests  were  used  to  compare  the  frequencies  of 
different  behaviors  in  males  and  females  and  to  detect  possible  heterogeneity  among  the 
pairs. 
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Table  1.  Number  of  minutes  in  which  gander  and  goose  exhibited  offensive  agonistic, 
defensive  agonistic,  and  social  behaviors  (total  observation  time,  1875  minutes).  G- 
statistics  and  levels  of  significance  are  given  for  comparisons  of  gander  and  goose. 


Behaviors 

(5 

9 

Tests 

df 

G 

Sign 

Offensive 

238 

46 

Pooled 

1 

142.126 

P<  0.001 

agonistic 

Heterogeneity 

5 

4.984 

n.s. 

behavior 

Total 

6 

147.110 

P<  0.001 

Defensive 

209 

59 

Pooled 

1 

89.003 

P<  0.001 

agonistic 

Heterogeneity 

5 

9.138 

n.s. 

behavior 

Total 

6 

98.141 

P<  0.001 

Social 

61 

41 

Pooled 

1 

3.947 

P  <  0.05 

behavior 

Heterogeneity 

5 

4.579 

n.s. 

Total 

6 

8.526 

n.s. 

Results 

Gander  and  goose  in  a  heterosexual  pair  differ  significantly  in  the 
frequency  of  the  observed  patterns  (Table  1).  The  pooled  data  showed 
that  the  male  is  characterized  by  a  significantly  higher  frequency  of 
patterns  in  all  observed  categories,  while  the  six  pairs  did  not  differ  from 
each  other.  The  gander  exhibited  offensive  oriented  agonistic  behavior  (P 
«  .001),  defensive  oriented  agonistic  behavior  (P  «  .001),  and  social 
behavior  (.05  >  P  >  .01)  significantly  more  often  than  did  the  female. 
The  rare  occurrence  of  sexual  behavior  precluded  statistical  analysis  of 
this  category. 


Discussion 

In  male  animals,  behavior  often  is  characterized  by  a  high  level  of 
“aggress,”  a  forceful  approach  and  active  response  to  the  environment 
(Seidmann,  1966).  The  increased  occurrence  of  offensive-oriented 
agonistic  behavior  detected  in  ganders  in  the  present  study  support  this 
contention.  In  addition,  males  exhibited  an  increased  frequency  of 
defensive-oriented  agonistic  behaviors  suggesting  that  the  male  may  serve 
a  guarding  function  for  the  pair.  A  higher  frequency  of  social  behavior 
was  detected  in  males  in  accordance  with  Anderson’s  theory  that  the 
partner  contributing  less  to  raising  the  offspring  will  be  more  important 
for  maintaining  the  pairbond  (Anderson,  1984).  However,  this  may  not 
apply  to  all  Anatidae,  as  the  female  in  at  least  some  representatives  of  the 
Tadornini  (for  example,  Tadorna  ferruginea),  beside  raising  the  goslings 
serves  as  primary  initiator  and  major  factor  in  maintaining  the  stability 
of  the  pair  bond  (Heinroth,  1911). 
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PREDATION  ON  RUFOUS  HUMMINGBIRD  BY  PRAYING  MANTID 
Jeanette  M.  Carignan 

Department  of  Biology,  Sul  Ross  State  University,  Alpine,  Texas  79832 

Although  observations  of  hummingbirds  at  feeders  reveal  that  they  sometimes  are  preyed 
upon  by  larger  birds  in  that  unnatural  environment  (Gamboa,  1977;  Gehlbach,  1981),  there 
are  no  known  previous  reports  of  predation  on  hummingbirds  by  insects.  However,  on  15 
August  1986,  an  adult  male  rufous  hummingbird  {Selasphorus  rufus)  was  observed  in  the 
grasp  of  an  unidentified  adult  female  praying  mantid  (Mantidae)  at  a  hummingbird  feeder 
at  the  Pate  Altuda  Ranch,  approximately  12  mi.  SE  Alpine,  in  the  Del  Norte  Mountains, 
Brewster  Co.,  Texas.  The  praying  mantid  was  holding  onto  the  back  of  the  hummingbird 
with  its  forelegs.  The  bird  was  limp,  with  his  head  resting  on  the  rim  of  the  feeder.  The 
praying  mantid  was  chewing  on  the  nape  of  the  bird’s  neck  using  a  sideways  motion  with 
enough  force  to  draw  blood.  When  apparently  startled  by  my  presence,  the  praying  mantid 
dropped  the  bird,  which  fell  approximately  five  feet  to  the  ground.  I  examined  the 
hummingbird  for  injury  or  signs  of  life,  but  it  appeared  lifeless  and  had  no  obvious  open 
wounds.  However,  a  small  amount  of  blood  from  the  bird  was  present  on  my  hand.  After 
approximately  one  to  two  minutes,  the  bird  opened  his  eyes  and  suddenly  flew  up  from  the 
prone  position. 

I  speculate  that  the  hummingbird  was  feeding  at  the  feeder  when  caught  by  the  praying 
mantid  and  then  went  into  a  torpid  state  as  a  result  of  shock.  Ironically,  during  the  week 
prior  to  becoming  prey  to  the  insect,  the  same  hummingbird  had  been  aggressively  attacking 
and  chasing  off  all  other  hummingbirds  that  attempted  to  use  the  feeder. 

I  thank  Dr.  James  F.  Scudday  for  critically  reviewing  a  preliminary  draft  of  the 
manuscript  and  Dr.  Jim  V.  Richerson  for  his  helpful  suggestions  concerning  the  manuscript. 
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LASIURUS  5LD5Y£F/LL//(CHIROPTERA:  VESPERTILIONIDAE) 

IN  TEXAS 

Hugh  H.  Genoways  and  Robert  J.  Baker 
University  of  Nebraska  State  Museum,  University  of  Nebraska- Lincoln, 

Lincoln,  Nebraska  68588,  and  The  Museum  and  Department  of  Biological  Sciences, 
Texas  Tech  University,  Lubbock,  Texas  79409. 

A  bat  netted  in  the  ZH  Canyon  in  the  Sierra  Vieja  Mountains,  9  mi.  W  Valentine, 
Presidio  Co.,  Texas,  appears  to  be  the  first  record  of  the  western  red  bat  (Lasiurus 
blossevillii  teliotis)  from  the  state  of  Texas.  The  specimen  is  an  adult  female  that  was  taken 
on  the  night  of  15  July  1969  by  T.  R.  Mollhagen.  The  vegetation  in  ZH  Canyon  is  typical 
low  desert  scrub  but  permanent  water  is  present.  Nets  were  placed  in  such  positions  as  to 
catch  bats  attempting  to  drink  at  this  water  source. 
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Table  1.  Forearm  and  cranial  measurements  of  Lasiurus  blossevillii  teliotis  and  Lasiurus 
borealis. 


No. 

Museum 

Sex 

Locality 

Length  of 

forearm 

Greatest 

length  of  skull 

Zygomatic 

breadth 

Postorbital 

constriction 

Mastoid 

breadth 

Length  of 

maxillary  toothrow 

Breadth  across 

upper  molars 

Lasiurus  blossevillii  teliotis 

9184 

TTU 

F 

Texas:  Presidio  Co., 

Sierra  Vieja,  ZH  Canyon, 

9  mi.  W  Valentine 

[38.8] 

12.5 

9.0 

4.1 

7.7 

4.2 

5.9 

10249 

TTU 

F 

Mexico:  Tamaulipas,  67  km. 

S  Cd.  Victoria 

41.7 

12.3 

8.9 

4.1 

7.5 

4.1 

5.8 

11490 

TTU 

F 

Arizona:  Cochise  Co.,  2  mi.  S 
jet.  roads  to  Portal, 

San  Simon,  and  Paradise 

39.8 

12.5 

9.1 

4.0 

7.5 

4.1 

5.9 

11491 

TTU 

F 

" 

41.3 

12.7 

9.2 

4.3 

7.6 

4.3 

5.9 

Lasiurus  borealis 

9164 

TTU 

F 

Texas:  Jeff  Davis  Co.,  Davis 
Mts.,  8  mi.  S  jet. 

Hwys.  166  and  118 

39.0 

13.6 

10.0 

4.3 

8.0 

4.7 

6.4 

37538 

TTU 

F 

Texas:  Lubbock  Co., 

Lubbock 

41.6 

14.0 

10.0 

4.3 

8.4 

4.7 

6.5 

39332 

TTU 

F 

Texas:  Kimble  Co.,  5  mi.  S 

TTU  Center  at  Junction 

39.7 

13.7 

10.1 

4.3 

8.1 

4.8 

6.7 

39333 

TTU 

F 

" 

39.0 

13.8 

10.0 

4.1 

8.1 

4.8 

6.4 

40411 

TTU 

F 

" 

40.6 

14.0 

10.3 

4.3 

8.4 

4.7 

6.7 

39331 

TTU 

F 

" 

40.9 

14.0 

10.5 

4.4 

8.6 

4.8 

6.5 

37217 

TTU 

F 

Texas:  Kimble  Co.,  TTU 

Center  at  Junction 

42.0 

14.0 

10.2 

4.1 

8.4 

4.8 

6.6 

34517 

TTU 

F 

Texas:  Kimble  Co.,  17  mi. 

SE  Junction 

40.4 

14.1 

— 

4.0 

8.2 

4.7 

6.6 

The  western  and  eastern  red  bats  had  been  considered  to  be  a  single  species  until  the 
recent  work  of  Baker  et  al.  (1988)  demonstrated  their  specific  distinctness.  Our  specimen 
possesses  the  rusty-red  dorsal  pelage  that  lacks  the  frosted  appearance,  because  of  the 
absence  of  white-tipped  hairs,  that  is  present  in  the  eastern  red  bat.  The  posterior  third  of 
the  uropatagium  of  our  specimen  is  only  sparsely  haired  as  is  characteristic  of  L.  blossevillii 
(Bogan  and  Williams,  1970).  As  shown  by  Schmidly  and  Hendricks  (1984),  L.  blossevillii  is 
significantly  smaller  than  L.  borealis  in  most  cranial  measurements.  The  specimen  from  the 
Sierra  Vieja  falls  below  the  range  of  variation  in  five  of  six  cranial  measurements  as 
compared  to  eight  females  of  L.  borealis  from  western  Texas  (Table  1).  It  matches  almost 
exactly  the  measurements  of  two  specimens  of  L.  blossevillii  examined  from  southeastern 
Arizona  and  one  from  southern  Tamaulipas  (Table  1);  see  also  measurements  in  Schmidly 
and  Hendricks  (1984). 

The  primary  significance  of  the  specimen  from  the  Sierra  Vieja  is  that  it  brings  L. 
blossevillii  and  L.  borealis  into  potential  sympatry.  Specimens  of  L.  borealis  have  been 
reported  from  northwestern  Chihuahua  (Bogan  and  Williams,  1970;  Anderson,  1972),  El 
Paso  County,  Texas  (Jones  and  Lee,  1962),  and  the  Chisos  Mountains,  Brewster  Co.,  Texas 
(Anderson,  1972),  and  we  agree  with  the  assignment  of  these  specimens  based  upon  their 
published  measurements.  This  gives  a  broad  area  of  potential  overlap  between  the 
geographic  ranges  of  the  two  species  in  northern  Chihuahua  and  western  Texas.  The 
specimen  that  is  geographically  nearest  the  one  from  Sierra  Vieja  is  from  the  Davis 
Mountains  (TTU  9164),  about  50  miles  to  the  east.  Note  the  difference  in  cranial 
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measurements  of  these  two  specimens  in  Table  1.  Clearly,  in  the  specimens  available  to  us 
from  western  Texas,  there  is  no  indication  of  intergradation  or  hybridization  between  the 
eastern  and  western  red  bats. 
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RECORD  OF  CRYPTOTIS  PARVA  FROM  BROWN  COUNTY,  TEXAS 

Richard  M.  Pitts  and  Michael  J.  Smolen 
420th  Engineer  Brigade,  511  Carson,  Bryan,  Texas  77801,  and 
Department  of  Wildlife  and  Fisheries  Sciences,  Texas  A&M  University, 

College  Station,  Texas  77843 

Four  adult  least  shrews,  Cryptotis  parva  (two  males  and  two  females),  were  collected 
within  the  city  limits  of  Brownwood,  Brown  Co.,  Texas,  on  2  February  1986.  The  shrews 
were  captured  in  a  mesquite  grassland  habitat,  which  was  being  used  as  a  construction 
dump  site.  Two  of  the  shrews  were  captured  under  a  wooden  door,  inside  a  grass  nest  that 
had  been  constructed  by  Baiomys  taylori.  The  shrews  appeared  to  be  sharing  the  nest  with 
three  pygmy  mice,  which  also  were  captured  there.  The  nest  had  a  strong  odor  of  C.  parva. 
The  other  shrews  were  captured  under  a  piece  of  cardboard  and  a  wooden  pallet, 
respectively.  All  specimens  were  deposited  in  the  Texas  Cooperative  Wildlife  Collections 
(TCWC)  at  Texas  A&M  University. 

Cryptotis  parva  appears  to  be  expanding  its  range  northwestward,  with  eastern  New 
Mexico  being  the  western  distributional  limit  (Hoditschek  et  al,,  1985;  Owen  and  Hamilton, 
1986),  and  has  been  collected  at  a  number  of  localities  in  northwestern  Texas  (Stickel  and 
Stickel,  1948;  Blair,  1954;  Packard  and  Garner,  1964;  Packard  and  Judd,  1968;  Davis,  1974; 
Owen  and  Hamilton,  1986).  In  central  Texas,  Bell,  Guadulupe,  Hays,  McLennan,  and 
Williamson  counties  (Davis,  1974;  Pitts,  1982;  Schmidly,  1983)  represent  the  western 
distributional  limit  of  the  least  shrew.  The  counties  in  southwestern  Texas  from  which  C. 
parva  has  been  recorded  are  Atascosa,  Bexar,  Frio,  and  Val  Verde  (Davis,  1974;  Half,  1981; 
Schmidly,  1983).  This  record  from  Brown  County  is,  therefore,  noteworthy,  as  it  fills  a 
distributional  gap  between  Val  Verde  and  Young  counties  (Davis,  1974). 

New  county  records  of  other  small  mammals  collected  at  the  same  construction  dump  site 
are  Baiomys  taylori,  Peromyscus  maniculatus,  Sigmodon  hispidus,  Reithrodontomys 
montanus,  and  R.  fulvescens. 

We  thank  Dr.  John  W.  Bickham  and  Dr.  Hershel  W.  Garner  for  critical  review  of  the 
manuscript.  Dr.  David  J.  Schmidly  for  confirming  the  identifications,  and  cadets  Mike  E. 
Moore  and  Jeffrey  S.  Fell  for  their  assistance  in  collecting  specimens. 
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THE  DONALD  J.  ARNOLD  SYMPOSIUM  ON  MEDICAL  PHYSICS 


M.  A.  K.  Lodhi,  Symposium  Chairman 

Department  of  Physics,  Texas  Tech  University,  Lubbock,  Texas  79409 

The  discovery  of  radioactivity  in  1896  by  Becquerel,  who  was 
motivated  by  Roentgen’s  discovery  of  x  rays  the  year  before,  provided  a 
sensitive  method  of  detecting  certain  kinds  of  matter.  This  led  Pierre  and 
Marie  Curie  to  use  this  new-found  radioactivity  to  identify  the  new 
elements  plutonium  and  radium  in  1898.  Shortly  after  the  discovery  of 
these  elements,  their  utilization  in  clinical  practices  for  diagnostic  and 
treatment  purposes  was  made  with  remarkable  success.  Since  that  time, 
we  have  continuously  seen  the  exponential  growth  of  use  and 
applications  of  laser,  ultrasound  techniques,  infrared  detection  and 
photography,  3-D  stereography,  man-made  radioactive  isotopes,  particle 
accelerators,  nuclear  magnetic  resonance,  fluorescence,  and  so  on,  for 
diagnosis,  therapy,  and  treatment  of  many  diseases  in  medical  science. 
There  has  been  a  wave  of  keen  interest  among  researchers  and  graduate 
students,  in  nuclear  physics  or  in  physics  in  general,  in  applying  their  skill 
toward  medical  and  related  problems,  perhaps  mainly  because  of  a 
marked  desire  among  physicists  of  all  types  to  contribute  for  the  benefit 
of  mankind.  One  of  the  great  by-products  of  these  cross-discipline 
interests  is  the  marvelous  collaborations  that  have  been  engendered 
between  physicists,  chemists,  biologists,  computer  experts,  engineers, 
therapists,  radiologists,  physicians,  and  other  medical  professionals  at  the 
highest  level  of  professional  competence.  From  these  collaborations  has 
emerged,  and  will  continue  to  emerge,  new  knowledge  about  how  one  can 
best  apply  the  high  technology  to  the  treatment  of  disease.  The 
application  of  this  new  knowledge  will  more  than  compensate  for  all  the 
effort  and  cost  that  has  gone,  or  will  go,  into  the  worldwide  program 
aimed  at  exploring  the  feasibility  and  utility  of  these  new  modalities. 

We  feel  it  important  that  graduate  students  in  physics  at  Texas  Tech 
University  and  other  in  relevant  disciplines  have  firsthand  knowledge  of 
the  state  of  art  of  medical  physics  as  a  career  opportunity  and  to  fulfill 
their  desire  to  contribute  directly  towards  the  benefit  of  mankind.  On  26 
March  1987,  a  symposium  on  medical  physics  was  held  in  the 
Department  of  Physics.  Speakers  were  primarily  those  who  graduated 
from  the  department  and  who  are  currently  practicing  medical  physics  at 
various  research  establishments  and  hospitals.  In  addition  to  Texas  Tech 
alumni,  other  speakers  were  drawn  from  the  region.  All  those  alumni 
who  have  entered  the  profession  of  medical  physics  participated  in  the 
symposium  except  one — Donald  J.  Arnold.  “Don  Arnold  lost  the  battle 
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(ironically)  last  June  to  the  disease  that  he  had  devoted  his  career  to 
fighting,  but  he  did  not  lose  the  war  against  cancer.  His  colleagues, 
whom  you  will  hear  today,  continue  the  fight,”  said  Dr.  Raymond  W. 
Mires  in  his  remark  in  memorium  of  Donald  J.  Arnold.  As  a  tribute  to 
Arnold  in  the  perspective  of  his  commitment  and  dedication  to  the 
graduate  education  program  in  the  Department  of  Physics  at  Texas  Tech, 
this  lecture  series  on  medical  physics  was  dedicated  and  named  as  “The 
Donald  J.  Arnold  Symposium  on  Medical  Physics.” 

Besides  those  speakers  whose  texts  of  lectures  are  published  in  the 
following  pages  of  this  issue  of  The  Texas  Journal  of  Science  were  the 
University  officials  who  welcomed  the  symposium  participants.  Among 
those  who  spoke  at  the  inaugural  session  were:  Dr.  Walter  Borst, 
Chairman,  Department  of  Physics;  Dr.  Joe  R.  Goodin,  Dean,  College  of 
Arts  and  Sciences;  Dr.  Clyde  Hendrick,  Dean,  Graduate  School;  Dr. 
Robert  H.  Ewalt,  Vice  President,  Student  Affairs;  and  Dr.  Bernhard  T. 
Mittemeyer,  Executive  Vice  President,  Health  Sciences  Center.  Dr. 
Donald  R.  Haragan,  Vice  President,  Academic  Affairs  and  Research, 
made  inaugural  remarks  and  opened  the  Symposium.  Session  chairper¬ 
sons  were:  M.  A.  K.  Lodhi,  D.  A.  Howe,  J.  R.  Goodin,  R.  W.  Mires,  E. 
D.  Blackwell,  and  F.  Holly.  Financial  support  for  the  symposium  from 
the  Department  of  Physics  and  the  Graduate  School  is  gratefully 
acknowledged.  In  organizing  this  symposium,  the  help  extended  by  the 
Physics  Department’s  faculty,  students,  and  staff  is  greatly  appreciated. 
Finally,  with  great  pleasure,  it  is  my  pleasant  desire  to  thank  the  Editor 
of  The  Texas  Journal  of  Science,  Dr.  J.  Knox  Jones,  Jr.,  who  kindly 
accepted  my  offer  to  publish  the  symposium  proceedings  in  this  one 
special  issue  and  who  asked  me  to  write  this  editorial  note. 

Lubbock,  Texas  79409 
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Abstract. — Physicists  have  collaborated  with  physicians  for  several  centuries,  sharing 
research  and  the  teaching  of  physics  to  medical  students.  Radiology,  a  branch  of  diagnostic 
and  therapeutic  medicine,  has  become  a  highly  sophisticated  field  as  new  and  complex 
technology  has  been  brought  to  medicine.  Imaging  methods  such  as  computed  tomography 
and  magnetic  resonance  have  significantly  advanced  the  diagnosis  and  treatment  of  diseases. 

Medical  physics  includes  branches  in  diagnostic  radiology,  nuclear  medicine,  radiation 
therapy,  and  radiation  protection.  Medical  physicists  are  employed  in  teaching,  research  and 
clinical  services  in  these  areas,  interacting  with  physicians  for  the  improvement  and 
understanding  of  medically-related  and  biological  problems. 

The  role  of  medical  physics  in  the  field  of  radiology  is  described,  with  emphasis  on 
diagnostic  radiological  physics.  Some  of  the  newer  technical  innovations  in  medical  imaging 
and  quantitative  methods  for  diagnosis  are  presented.  Medical  physics,  an  applied  branch  of 
physics,  offers  many  challenges  in  teaching,  research,  and  clinical  support  in  medicine.  Key 
words:  medical  physics;  radiology;  history;  physicist. 


Medical  physics  (or  radiological  physics)  is  primarily  an  applied  branch 
of  physics.  Medical  physics  is  concerned  with  the  application  of  physical 
energy  and  physical  principles  to  the  diagnosis  and  treatment  of  human 
diseases. 

Medical  physicists  are  highly  regarded  by  radiologists  and  by  the 
medical  profession.  This  is  evidenced  by  the  fact  that  medical  physicists 
have  been  certified  by  the  American  Board  of  Radiology  since  1949. 
Medical  physicists  are  the  only  nonphysician  group  certified  by  a  medical 
specialty  board. 

Medical  physicists  also  participate  as  members  of  many  professional 
societies,  such  as  the  American  Association  of  Physicists  in  Medicine, 
Radiological  Society  of  North  America,  American  Radium  Society, 
American  College  of  Nuclear  Physicians,  American  College  of  Radiology, 
American  College  of  Medical  Physics,  Society  of  Nuclear  Medicine,  as 
well  as  many  professional  societies  within  the  physics  and  engineering 
disciplines. 

Of  the  medical  physicists  in  the  U.S.,  approximately  50  percent  hold 
the  Ph.D.  degree,  45  percent  hold  the  Master’s  degree,  and  five  percent 
hold  the  Bachelor’s  degree.  Approximately  75  percent  of  medical 
physicists  are  engaged  in  the  field  of  radiation  therapy  physics. 

Approximately  38  percent  of  medical  physicists  hold  appointments  on 
medical  school  faculties,  whereas  approximately  35  percent  work  in  a 
hospital  environment.  About  22  percent  of  medical  physicists  are 
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employed  as  members  of  private  practice  radiology  groups,  and  about 
five  percent  work  as  private  medical  physics  consultants  or  for 
governmental  agencies. 


Historical  Background 

The  application  of  physics  to  medicine  has  a  long  history,  dating  from 
the  European  Renaissance  (Lanzl,  1984).  The  early  outstanding  contribu¬ 
tions  were  made  by  men  whose  academic  training  and  expertise  were 
found  in  medicine,  anatomy,  physiology,  and  physics.  William  Harvey, 
trained  in  medicine  during  the  16th  century,  contributed  to  the 
understanding  of  the  dynamics  of  blood  flow  in  the  body.  In  the  late 
1500s,  Galileo’s  relationship  between  the  length  of  the  pendulum  and  its 
period  of  oscillation  were  used  for  the  measurement  of  the  pulse  rate  of 
patients.  Galileo’s  thermometer  also  was  used  to  measure  the  temperature 
of  the  patients. 

Allessandro  Volta,  who  trained  in  physics  and  medicine  in  the  18th 
century,  contributed  to  our  understanding  of  electric  currents  within  the 
body.  The  physicist  Herman  von  Hemholtz,  in  the  19th  century, 
developed  the  ophthalmoscope  as  well  as  theories  of  color  vision  and  of 
hearing. 

Ernst  Mach,  a  physicist  in  the  19th  century,  taught  the  essential  physics 
to  medical  students  in  Vienna,  and  published  the  “Compendium  of 
Physics  for  Medical  Students.”  In  answer  to  the  frequent  question  “How 
much  physics  will  a  doctor  need?”,  Mach  is  said  to  have  answered:  “A 
doctor  needs  exactly  as  much  physics  as  he  knows — knowledge  one  does 
not  possess  one  cannot  use.” 

X  Rays  and  Radioactivity 

Wilhelm  Conrad  Roentgen,  a  German  physicist,  discovered  x  rays  in 
1895  during  experiments  being  conducted  on  the  properties  of  electrons. 
The  cathode-ray  tube  used  in  Roentgen’s  laboratory  was  found  to  cause 
fluorescence  in  crystals  of  barium  platinocyanide,  which  was  located  at  a 
distance  from  the  tube.  Roentgen’s  systematic  investigation  of  the  new 
rays  yielded  most  of  the  properties  of  x  rays  known  today.  Roentgen 
published  the  first  x-ray  image  (of  his  wife’s  hand).  His  discovery  was 
described  in  Paris  in  late  January  1896  before  the  French  Academy  of 
Sciences.  For  his  discovery,  Roentgen  received  the  Nobel  Prize  in  1901. 

The  discovery  of  natural  radioactivity  followed  Roentgen’s  discovery. 
Radioactivity  was  discovered  in  1896  by  the  physicist  Henri  Becquerel, 
who  was  studying  the  properties  of  uranium  salts.  Becquerel  reported  the 
spontaneous  emission  of  radiation  from  the  uranium  crystals.  Within 
three  years,  Pierre  and  Marie  Curie  had  discovered  two  new  elements 
(polonium  and  radium)  solely  by  virtue  of  their  radioactivity.  Becquerel 
and  the  Curies  shared  the  Nobel  Prize  in  physics  in  1903. 
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These  two  significant  discoveries  were  the  beginnings  of  modern 
radiology.  Within  the  decade  following,  the  first  x-ray  picture  of  the  hand 
containing  contrast  material  was  made.  The  first  metal-target  x-ray  tubes 
and  the  first  x-ray  intensifying  screens  were  made.  Also,  the  first 
ionization  chamber  and  the  first  dental  radiographs  were  made.  These 
developments  occurred  during  the  same  period  in  which  electrons,  alpha 
particles,  and  beta  particles  were  discovered.  Most  of  these  discoveries 
were  made  by  physicists  who  worked  independently  of  physicians; 
likewise,  physicians  did  not  generally  interact  directly  with  physicists 
during  this  time. 

Physicist  and  Physician  Collaboration 

The  era  of  direct  collaboration  between  physicists  and  physicians  began 
with  the  appointment  of  a  physicist.  Dr.  William  Duane,  as  a  research 
fellow  in  physics  by  the  Cancer  Commission  of  Harvard  University  in 
1913.  Duane  developed  the  standard  air  ionization  chamber  for 
measurement  of  x-ray  intensities.  He  was  also  responsible  for  the 
discovery  of  the  relationshp  (the  Duane-Hunt  Law)  between  the 
wavelength  of  x  rays  and  the  x-ray  tube  potential  (kVp). 

The  first  physicist  appointed  to  a  hospital  staff  in  England  (1913)  was 
Sidney  Russ,  who  worked  at  the  Middlesex  Hospital  in  London.  He 
developed  radiation  measurement  methods  and  studied  the  biological 
effects  of  X  rays  and  radioactivity. 

In  the  1940s,  the  development  of  1)  the  nuclear  reactor  and  2)  the 
particle  accelerator  significantly  affected  the  field  of  medicine.  The 
neutron  beams  produced  in  the  nuclear  reactor  provided  a  means  of 
activating  many  new  and  useful  radionuclides  now  used  in  medicine. 
Accelerators  such  as  betatrons.  Van  de  Graaff  generators,  and  linear 
electron  accelerators  were  used  for  producing  x-ray  and  electron  beams 
for  the  treatment  of  cancer  and  other  diseases.  These  radiation  therapy 
machines  were  complex  devices  requiring  sophisticated  knowledge  of 
operating  factors  and  beam  characteristics.  Physicists  were  well  trained  to 
accept  the  challenges  associated  with  the  calibration  and  the  measurement 
of  the  beam  data  produced  by  these  machines.  In  addition,  physicists 
were  involved  in  research  on  the  biological  effects  of  the  radiation 
therapy  treatments. 

These  experiences  formed  the  basis  of  the  medical  physics  profession, 
in  which  physicists  were  employed  primarily  in  four  specific  areas:  1) 
radiation  therapy  (oncology);  2)  nuclear  medicine  (therapy  and  diagno¬ 
sis);  3)  diagnostic  radiology;  and  4)  radiation  protection. 

Because  the  traditional  physics  departments  did  not  have  specialized 
training  in  medical  physics  in  the  early  1950s,  academic  degree  programs 
in  medical  physics  were  initiated.  University  medical  schools,  with  the 
assistance  of  radiologists  and  other  physicians,  established  graduate  M.S. 
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and  Ph.D.  programs  in  medical  physics.  Many  universities  offered 
postdoctoral  training  in  medical  physics  for  persons  already  possessing 
the  Ph.D.  in  traditional  physics  areas. 

The  American  Board  of  Radiology  today  awards  certification  for 
medical  physicists  in  each  of  the  three  branches  of  radiology:  1) 
radiotherapeutic  physics;  2)  diagnostic  radiological  physics;  and  3) 
nuclear  medicine  physics.  A  minimum  level  of  training  and  the  M.S.  or 
Ph.D.  are  the  requirements  for  a  physicist  desiring  certification  by  the 
A.B.R.  Both  written  and  oral  examinations  as  well  as  clinical  experience 
are  required  by  the  certification  process.  The  oral  examinations  are 
conducted  by  radiologists  as  well  as  medical  physicists. 

Radiotherapy  Physics 

Therapeutic  radiological  physics  is  the  branch  of  medical  physics  that 
includes:  a)  radiation  treatment  using  x  rays,  gamma  rays,  electrons, 
neutrons,  other  particles  and  radiations  from  sealed  radionuclide  sources, 
and  b)  knowledge  of  the  machines  and  methodology  associated  with  the 
production  and  use  of  radiation  for  radiation  therapy  purposes. 
Radiological  physicists  in  radiotherapy  perform  the  following  functions: 
periodic  calibration  of  the  therapy  equipment;  determination  of  the 
radiation  beam  characteristics  (dosimetry);  calibration  and  leak  testing  of 
sealed  radionuclide  sources;  determination  of  patient  dose  distributions 
and  treatment  planning;  calibration  and  maintenance  of  radiation 
dosimeters  and  other  radiation  measurement  devices;  design  of  radiation 
therapy  installations;  calculation  of  radiation  shielding  requirements; 
design  of  specialized  treatment  devices  used  in  radiation  therapy;  and 
research  and  development  of  new  radiation  therapy  machines  and 
treatment  methods  (Table  1). 

Diagnostic  Radiological  Physics 

Diagnostic  radiological  physics  is  the  branch  of  medical  physics  that 
includes:  a)  applications  of  physics  in  medical  imaging  and  diagnosis 
using  both  ionizing  and  nonionizing  radiations,  and  b)  knowledge  of  the 
physical  principles  of  the  equipment  associated  with  the  production  and 
use  of  medical  images.  The  duties  and  responsibilities  of  the  diagnostic 
radiological  physicist  include:  calibration  of  x-ray  machines;  performance 
evaluation  and  acceptance  testing  of  imaging  equipment;  research  and 
development  of  new  imaging  methods;  reduction  of  patient  dose  from 
diagnostic  procedures;  design  of  radiology  facilities;  calculation  of 
radiation  shielding  requirements;  and  development  and  implementation  of 
quality  assurance  programs  in  diagnostic  radiology  departments  (Table 
2). 
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Table  1.  Role  of  medical  physicist  in  radiation  therapy. 


External  radiation  sources  (teletherapy) 

Treatment  machine  selection 
Radiation  shielding  design 
Radiation  surveys  and  licensing 
Periodic  machine  calibration 

Superficial  radiation  or  implanted  sources  (brachytherapy) 
Source  characterization 
Radionuclide  applicator  design 
Storge  and  handling — radiation  safety 
Source  standardization 
Source  leak  testing 
Treatment  planning 

Tumor  localization  and  patient  contour 
Patient  dose  calculations  (computer) 

Patient  (in  vivo)  dosimetry 
Research  and  teaching 


Nuclear  Medicine  Physics 

Nuclear  medicine  physics  is  the  branch  of  medical  physics  that 
includes:  a)  applications  of  radionuclides  in  diagnosis  and  therapy,  and  b) 
knowledge  of  the  physical  principles  of  the  equipment  associated  with  the 
production  and  the  use  of  radionuclides  in  diagnostic  imaging.  The  duties 
and  responsibilities  of  nuclear  medical  physicists  include:  calibration  of 
nuclear  counting  instrumentation;  assay  of  patient  doses  of  radionuclides; 
quality  assurance  testing  and  monitoring  of  nuclear  medicine  imaging 
equipment;  determination  of  the  equipment  performance  characteristics 
and  efficacy  of  imaging  procedures;  monitoring  of  radiation  safety;  and 
handling  procedures  in  nuclear  medicine  laboratories  (Table  3). 

Radiation  Protection 

Radiation  protection  is  common  to  all  branches  of  medical  physics  and 
to  the  field  of  clinical  radiology.  Medical  physicists  assume  various  levels 
of  responsibility  for  radiation  protection  ranging  from  complete 
responsibility  in  the  small  hospital  setting  to  responsibility  in  a  specific 
department  (such  as  radiation  oncology  or  nuclear  medicine)  in  the  large 
hospital.  The  trained  medical  physicist  is  familiar  with  all  radiation  safety 
hazards  and  the  appropriate  safety  procedures  found  in  hospital 
environments.  The  duties  and  responsibilities  of  the  medical  physicist  in 
the  area  of  radiation  protection  include  radiation  safety  surveys  in 
diagnostic  radiology,  radiotherapy,  nuclear  medicine,  and  other  depart¬ 
ments  in  which  radiation  sources  are  used.  These  duties  also  include 
radiation  monitoring  of  hospital  personnel  (film  badge  monitoring), 
maintenance  of  personnel  monitoring  records,  leak  testing  of  sealed 
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Table  2.  Role  of  medical  physicist  in  diagnostic  radiology. 


Radiography,  fluoroscopy,  CT,  and  special  procedures 
Personnel  protection 
Equipment  safety 
Quality  assurance  program 
Shielding  design 

Acceptance  testing  of  equipment 
Radiation  surveys,  inspections,  registration 
Image  quality  assessment  and  enhancement 
Bone  densitometry  calibration 
Equipment  purchase  specifications 
Computer  analysis  and  digital  processing 
Ultrasound,  magnetic  resonance  (MRI) 

Image  quality  evaluation 
Calibration  and  quality  assurance 
Magnetic  and  RE  shielding  specification 
Research  and  development 
Research  and  teaching 


radionuclide  sources,  maintaining  records  of  receipt,  transfer  and  disposal 
of  radionuclides,  evaluation  of  radiation  safety  policies  and  procedures, 
evaluation  of  license  applications  for  radioactive  material  usage,  and 
participation  on  the  institutional  radiation  safety  committee  (Table  4). 

Research  Areas  in  Medical  Physics 

Medical  physicists  who  are  appointed  to  the  faculty  of  medical  schools 
or  universities  are  expected  to  participate  in  research.  The  Ph.D.  degree 
in  medical  physics  prepares  the  physicist  to  carry  on  independent  research 
pertaining  to  the  areas  above.  Research  areas  in  medical  physics  include 


Table  3.  Role  of  medical  physicist  in  nuclear  medicine. 


Radionuclide  production 
Reactors 
Cyclotrons 

Radionuclide  generators 
Radionuclide  standardization 
Instrument  calibration 
In  vivo,  in  vitro  procedures 
Licensing  and  radiation  surveys 
Clinical  procedures 
Camera  calibration 
Patient  dose  verification 
Radiation  dose  calculation 
Radioactive  material  waste  disposal 
Surveys,  monitoring 
Research  and  teaching 
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Table  4.  Role  of  medical  physicist  in  radiation  protection. 


Radionuclide  licensing  and  control 
Human  use 
Non-human  use 

Radionuclide  inventory,  receipts,  storage,  disposal 
Radiation  protection — monitoring,  design 
Personnel 
Public 
Patients 

Radiation  equipment 
X-ray  machines 
Radionuclide  sources 
Lasers,  microwave  devices,  sonic  devices 


the  investigation  of  the  physical  principles  used  in  imaging  techniques 
and  therapeutic  procedures,  and  the  development  of  new  equipment  and 
techniques  in  all  branches  of  radiology.  Research  is  underway  in 
magnetic  resonance  imaging,  computed  tomography,  ultrasound,  digital 
radiography,  image  processing  and  enhancement,  quantitative  methods  of 
bone  densitometry,  hyperthermia,  biological  effects  of  radiation,  and 
other  areas. 


Radiographic  Film  Methods 

The  first  medical  x-ray  examination  in  the  United  States  was  per¬ 
formed  at  Dartmouth  College  in  1896.  Dr.  G.  D.  Frost  (a  physician)  and 
his  brother.  Professor  E.  B.  Frost  (a  physicist),  performed  the  exam  using 
an  unshielded  x-ray  tube  suspended  above  the  arm  of  a  young  man  who 
broke  his  wrist  while  skating  on  the  frozen  Connecticut  River.  This  event 
occurred  within  the  months  immediately  following  Roentgen’s  discovery. 
The  value  of  radiographic  diagnosis  has  not  diminished  over  the  years, 
and  standard  x-ray  film  radiography  is  still  the  most  common  form  of 
medical  imaging. 

A  diagram  showing  the  components  of  the  x-ray  tube  is  given  in 
Figure  1.  X  rays  are  produced  in  the  target  of  the  x-ray  tube,  when  high- 
energy  electrons  interact  with  the  target  atoms.  Electrons  are  generated 
from  a  heated  filament  wire,  and  they  are  accelerated  across  the  x-ray 
tube  by  a  strong  electric  field  produced  by  the  high  potential  (kV) 
between  the  anode  and  the  cathode.  As  the  electrons  pass  near  the  nuclei 
of  the  target  atoms,  the  positive  charge  of  the  nucleus  causes  the 
negatively  charged  electrons  to  decelerate  and  lose  energy  in  the  form  of 
electromagnetic  radiation;  this  radiation  is  called  bremsstrahlung  or 
braking  radiation.  Electrons  also  interact  with  the  orbital  electrons 
(which  surround  the  nucleus)  by  collisions  in  which  energy  is  transferred 
to  the  orbital  electrons.  Orbital  electrons  are  removed  (ionized)  from  the 


126 


THE  TEXAS  JOURNAL  OF  SCIENCE— VOL.  40,  NO.  2,  1988 


COPPER  AND 


atom,  and  the  atom  emits  characteristic  radiations  as  it  attracts  free 
electrons.  Bremsstrahlung  and  characteristic  radiations  form  the  x-ray 
spectra  that  is  emitted  by  the  x-ray  tube,  as  shown  in  Figure  2. 

Radiographic  images  are  formed  when  a  small  fraction  of  x-rays  are 
transmitted  through  body  tissues.  The  fraction  transmitted  depends  upon 
the  composition  of  the  body  tissues,  the  thicknesses  of  overlying  tissues, 
and  the  incident  energies  represented  by  the  x-ray  spectra.  The  contrast 
seen  in  the  radiographic  image  is  represented  by  differences  in  x-ray 
transmission  through  adjacent  regions  of  body  tissue;  bone  tissues 
correspond  to  regions  of  low  x-ray  transmission,  whereas  soft  tissues 
correspond  to  regions  of  greater  x-ray  transmission.  Bone  appears 
“white”  but  air  (lung  tissues)  appears  black  in  the  radiographic  image. 

The  image  quality  of  radiographs  is  defined  by  the  ability  of  the 
radiologist  to  visualize  the  contrast  and  detail  of  various  organ  structures 
within  the  body.  The  resolution  of  the  radiographic  image  is  determined 
as  the  ability  to  clearly  distinguish  between  closely  spaced  objects  in  the 
image.  The  imaging  parameters,  equipment  characteristics,  and  tissue 
composition  affect  the  ultimate  resolution  of  the  imaging  system.  If  the  x- 
ray  system  does  not  provide  sufficient  image  quality,  the  radiologist  may 
be  unable  to  detect  early  disease  processes.  One  of  the  roles  of  the 
medical  physicist  is  the  investigation  of  new  methods  that  will  improve 
radiographic  image  quality,  such  as  digital  radiography  and  scanned 
projection  radiography. 

Computed  Tomographic  Imaging  Methods 

A  major  innovation  in  medical  imaging  occurred  in  the  early  1970s 
with  the  development  of  computed  tomography.  Tomography  implies  the 
imaging  of  a  thin  slice  of  tissue,  and  is  often  useful  in  standard 
radiography  because  the  method  removes  the  effects  of  overlying  tissues 
that  may  interfere  with  the  radiologist’s  ability  to  interpret  the  image. 
Computed  tomography  differs  from  these  radiographic  film  methods. 
Film  is  replaced  by  the  use  of  radiation  detectors  (Nal  or  xenon  gas),  and 
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the  transmission  of  x  rays  at  a  large  number  of  angles  about  the  patient 
is  measured,  as  illustrated  in  Figure  3.  The  x-ray  tube  is  rotated  (or 
translated  and  rotated),  using  either  a  pencil  beam  of  x  rays  or  a  fan 
beam  (arc  of  x  rays).  A  system  of  equations  can  be  determined  in  this 
process  since  the  transmission  of  radiation  through  an  object  is  known  to 
be  exponential  and  predictable  from  the  transmission  data.  The  x-ray 
beam  along  each  transmission  path  traverses  many  different  tissues  which 
have  different  linear  attenuation  coefficients.  It  is  the  attenuation 
coefficients  (or  “CT  numbers”),  which  form  the  basic  element  of 
information  of  the  CT  image. 

These  “CT  numbers”  are  obtained  using  reconstruction  techniques 
(mathematical  algorithms)  in  which  the  transmission  data  is  analyzed. 
Although  these  image  reconstruction  methods  (first  developed  by  Radon) 
were  known  for  many  years,  it  was  Cormack  and  Hounsfield  who 
independently  developed  these  methods  for  application  to  x-ray 
transmission  data  (Hounsfield,  1973;  Hounsfield,  1980;  Cormack,  1980). 
These  physicists  were  awarded  the  Nobel  Prize  for  Physiology  and 
Medicine  in  1979  for  their  work. 

A  CT  number  is  determined  for  each  “voxel”  of  tissue  in  the  transverse 
sectional  image;  the  collection  of  these  voxels  (in  two  dimensions, 
“pixels”)  forms  an  image  in  which  the  levels  of  gray  are  determined  by 
the  attenuation  coefficient  value  of  each  pixel.  Although  it  was  initially 
hoped  that  all  tissues  could  be  identified  by  their  CT  number,  such 
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specificity  of  the  attentuation  coefficient  determination  did  not  prove  to 
be  feasible.  Variations  in  the  CT  numbers  occur  as  a  result  of  the 
instability  of  the  x-ray  beam  and  detector  system,  and  as  a  result  of  the 
normal  biological  variations  in  tissue  composition.  Medical  physicists  and 
manufacturers  of  CT  equipment  have  improved  the  resolution  and  image 
quality  of  CT  scanners  over  the  years,  and  the  CT  scan  has  become  a 
standard  radiological  procedure  in  most  hospitals  and  clinics  around  the 
world.  CT  imaging  changed  the  method  of  radiological  diagnosis  from 
the  use  of  anterior  and  posterior  views  to  that  of  cross-sectional  views  of 
the  anatomy.  Current  CT  developments  may  allow  the  visualization  of 
moving  organs  such  as  the  heart;  these  imaging  methods,  however, 
require  faster  scanning  motions  and  larger  computer  memories. 

Nuclear  Magnetic  Resonance  Imaging  Methods 

Magnetic  resonance  imaging  (MRI)  is  unique  in  radiological  proce¬ 
dures  because  the  method  does  not  employ  ionizing  radiation.  Like 
ultrasound  imaging,  MRI  utilizes  nonionizing  radiation,  radiation  in 
which  energies  are  insufficient  for  the  removal  of  electrons  from  atoms. 
The  conventional  risks  associated  with  radiation  damage  to  biological 
tissues  are  thus  removed.  No  known  biological  effects  have  been  observed 
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using  the  present  clinical  magnetic  field  strengths  (below  2.0  Tesla). 
Clinical  MRI  images  provide  uniquely  different  diagnostic  information 
from  CT,  ultrasound  and  conventional  radiographic  methods.  They  are 
superior  in  their  demonstration  of  the  subtle  differences  in  the 
composition  of  soft  tissues,  particularly  in  the  brain  and  spine.  MRI  is 
the  preferred  imaging  method  in  patients  with  suspected  multiple  sclerosis 
or  vertebral  disc  diseases.  Clinical  MRI  images  are  based  upon  the 
unique  properties  of  the  nuclei  of  atoms,  in  contrast  with  CT  images, 
which  are  based  upon  the  x-ray  attentuation  properties  of  tissues. 

Nuclear  magnetic  resonance  was  developed  in  1946  to  investigate 
solids,  liquids,  and  gases  at  the  nuclear  and  molecular  level.  The  concept 
of  using  NMR  techniques  in  tumor  detection  first  was  introduced  by 
Damadian  in  1971  (Damadian,  1971).  Lauterbur  (1973)  demonstrated  the 
reconstruction  of  two-dimensional  transverse  NMR  images  (Lauterbur, 
1973).  The  principles  of  MRI  are  briefly  reviewed  here.  Figure  4  shows 
the  princple  components  of  the  clinical  NMR  imaging  device. 

The  patient  is  placed  inside  a  magnet  in  which  a  uniform  magnetic 
field  has  been  established.  This  magnetic  field  causes  the  nuclei  of  atoms 
within  the  body  to  align  and  process  (rotate)  about  the  direction  of  the 
magnetic  field.  By  adding  RF  energy  at  just  the  right  phase  and 
frequency  (through  the  use  of  coils  around  the  patient),  a  resonance 
condition  is  created  in  which  the  nuclei  receive  the  energy,  and  the 
direction  of  their  alignment  is  altered.  Upon  removal  of  the  added  RF 
energy,  these  nuclei  return  to  equilibrium  (alignment  and  precession  in 
the  direction  of  the  magnetic  field). 

Using  a  receiver  coil,  this  reorientation  of  the  nuclei  (magnetic 
moments)  is  detected  as  an  “echo”  (reemitted  RF  energy)  produced  by 
the  RF  perturbation.  The  detected  signal  decays  in  amplitude  with  time, 
and  the  manner  of  decay  is  characteristic  of  the  type  of  nuclei  present  at 
each  location  within  the  body.  Variations  in  the  molecular  environment 
produce  resonance  conditions  at  different  frequencies.  Also,  the  differing 
resonance  conditions  cause  nuclei  to  reemit  energy  at  different  rates 
(chemical  shift).  The  time  constants  associated  with  the  decay  of  the 
NMR  signal  are  T(l),  spin-lattice  relaxation,  and  T(2),  spin-spin 
relaxation.  In  addition,  the  proton  density  (or  magnetic  volume  density) 
distribution  is  determined  as  the  basic  element  of  information  of  the 
magnetic  resonance  image.  As  in  CT  imaging,  each  pixel  represents  a 
physical  quantity,  in  this  case  the  proton  density,  T(l),  T(2)  or  a 
combination  of  these  values. 

By  using  a  special  system  of  magnets  (gradient  magnets),  it  is  possible 
to  excite  nuclei  at  selected  locations  within  the  body.  Modern  MRI  units 
are  capable  of  selectively  exciting  nuclei  in  any  plane,  producing  saggittal, 
coronal,  and  transverse  images  in  any  part  of  the  human  body.  Over  the 
years,  medical  physicists  have  experimented  with  various  methods  for 
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Figure  4.  Magnetic  resonance  imaging  system. 


exciting  nuclei  and  have  succeeded  in  improving  the  resolution  and  noise 
reduction  of  NMR  images.  In  addition  to  hydrogen,  other  nuclei,  such  as 
phosphorus  and  fluorine,  have  been  investigated.  As  with  CT  imaging,  the 
hope  of  tissue  characterization  using  MRI  remains  the  work  of  many 
researchers.  In  vivo  spectroscopy  could  provide  a  means  of  diagnosing 
diseases  at  the  molecular  level,  and  some  progress  has  been  made  in  the 
production  of  spectroscopic  information  in  the  limbs  of  patients. 
Spectroscopic  diagnosis  within  the  abdomen  and  thorax,  however, 
appears  limited  at  this  time  by  the  low  signal-to-noise  of  MRI  in  the 
body.  Spectroscopy  is  best  performed  at  high  field  strength  (4-10  Tesla) 
as  opposed  to  the  field  strengths  (0. 5-2.0  Tesla)  used  in  conventional 
clinical  MRI. 


Bone  Densitometry  Research 

For  many  years,  physicians  and  medical  physicists  have  investigated 
methods  for  determining  the  status  of  skeletal  bone  by  the  use  of 
noninvasive  bone  densitometry.  The  determination  of  bone  density  or 
bone  mass  in  patients  with  bone-related  diseases,  such  as  osteoporosis,  is 
important  for  the  diagnosis  and  treatment.  Women  over  45  years  are 
particularly  susceptible  to  hip  and  wrist  fractures,  which  result  from 
osteoporosis  (the  loss  of  bone  mineral  with  age).  Radiographs  have  been 
used  to  estimate  the  status  of  skeletal  bone,  but  radiographs  are 
insensitive  in  demonstrating  small  changes  in  bone  mass.  The  density  or 
mass  of  bone  mineral  in  the  skeleton  has  been  shown  to  be  closely  linked 
with  the  bone  strength  and  the  probability  of  fracture. 
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Several  methods  have  been  introduced  in  which  various  x-ray  and 
radionuclide  sources  are  used  to  measure  bone  density  or  bone  mass 
noninvasively.  Bone  width  and  cortical  thickness  estimated  from 
radiographs  have  been  used  as  indices  of  bone  loss  in  humans. 
Absorptiometry  (x-ray  transmission  measurements  through  bone),  neu¬ 
tron  activation  of  calcium  in  bones,  and  the  use  of  computed  tomography 
(CT)  have  provided  measurements  with  exceedingly  good  accuracy  and 
precision.  The  diagnosis  of  osteoporosis  in  individual  patients  is 
complicated  by  the  biological  variations  of  bone  mass  among  individuals, 
as  well  as  the  variations  of  bone  mass  between  the  various  measurement 
sites  of  the  skeleton.  As  a  result,  medical  physicists  are  investigating  new 
radiological  methods  that  can  provide  more  accurate  and  more  clinically 
diagnostic  results. 

The  principle  of  Compton  scattering  of  x  rays  has  been  investigated  in 
bone  densitometry.  It  is  known  that  the  density  of  any  substance  can  be 
determined  by  measurement  of  the  intensity  of  x  rays  scattered  at  a 
selected  scattering  angle.  Recent  research  has  demonstrated  that  the 
density  of  bone  in  the  vertebra  (spine)  can  be  determined  provided  that 
corrections  are  made  for  the  presence  of  overlying  soft  tissue  and  other 
limitations.  A  diagram  of  a  proposed  clinical  device  is  shown  in  Figure  5. 
One  limitation  of  the  method  is  the  presence  of  multiply-scattered  x-ray 
photons  that  reach  the  detector  system.  This  research  has  demonstrated 
the  significant  contribution  that  multiple  scatter  makes  to  the  total  scatter 
intensity  determined  in  the  measurements.  The  quantity  of  multiple 
scatter  has  been  shown  to  be  dependent  upon  the  scattering  angle,  the 
size  and  shape  of  the  scattering  volume,  and  the  energy  of  the  incident 
radiation  beam.  Other  factors  that  must  be  considered  are  patient 
radiation  dose,  measurement  time,  accuracy,  and  precision  of  the  tissue 
density  determination. 

Other  Medical  Physics  Research  Activities 

Research  areas  of  medical  physics  are  not  limited  to  diagnostic 
radiology,  as  will  be  discussed  below.  The  development  and  improvement 
of  the  current  technology  applied  in  radiation  therapy,  nuclear  medicine, 
and  radiation  protection  are  part  of  the  goals  of  the  medical  physics 
community.  Research  is  continuing  in  high  energy  particle  therapy, 
positron  imaging,  radionuclide  therapy,  three-dimensional  treatment¬ 
planning,  tomographic  imaging  in  nuclear  medicine,  digital  imaging 
methods  in  diagnostic  radiology,  and  the  development  of  new  and  more 
sensitive  radiation  detectors.  Medical  physicists  evaluate  the  limitations  of 
physical  principles  and  search  for  understanding  of  the  interdependence 
of  these  physical  parameters  as  they  relate  to  medical  applications. 
Although  medical  physicists  are  primarily  concerned  with  the  application 
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of  physics  to  medical  and  biological  problems,  many  medical  physicists 
also  are  involved  in  the  theoretical  aspects  of  biological  and  physical 
problems.  Medical  physicists  also  are  involved  in  the  development  of 
reduced-radiation  dose  methods  in  diagnostic  radiology  as  well  as  the 
development  of  more  precise  methods  of  radiation  dose  determination  in 
radiation  therapy. 


Teaching  and  Clinical  Services 

Medical  physicists  are  responsible  for  teaching  medical  students, 
physicians,  radiology  resident  physicians,  x-ray  and  nuclear  medicine 
technologists,  nurses,  and  radiation  safety  technologists.  Radiological 
physics,  radiation  therapy  physics,  nuclear  medicine  physics,  and 
radiation  protection  are  required  courses  for  obtaining  certification  in 
these  areas  related  to  clinical  radiology.  A  one-year  course  in  radiological 
physics  is  usually  required  for  resident  physicians  who  intend  to  practice 
radiology.  In  addition,  the  Nuclear  Regulatory  Commission  and  state 
regulatory  agencies  require  training  in  medical  physics  as  part  of  the 
licensing  requirements  of  radiologists  and  other  radiation  workers. 

Short  courses  in  radiation  protection  and  the  biological  effects  of 
radiation  are  requirements  for  researchers  and  research  technologists  who 
handle  radioactive  materials  or  radiation-producing  equipment.  Medical 
physicists  have  provided  this  necessary  training  for  the  medical 
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community  over  the  years.  In  addition,  medical  physics  departments 
provide  training  in  radiological  physics  and  radiation  protection  for 
graduate  students  (M.S,  and  Ph.D.)  in  physics,  medical  physics,  and 
biomedical  engineering. 

Medical  physicists  also  provide  clinical  support  and  consultation  to 
radiologists,  hospital  administrators,  other  physicians,  and  directly  to 
patients.  Individualized  radiation  therapy  treatment  planning  often 
requires  the  direct  interaction  between  the  medical  physicist,  the  patient, 
and  the  radiotherapist.  Medical  physicists  also  may  be  consulted  in 
diagnostic  radiology  departments  for  solving  the  technical  problems 
associated  with  radiological  imaging  procedures.  Medical  physicists  are 
responsible  for  quality  assurance  programs  in  diagnostic  radiology  and 
nuclear  medicine  departments.  These  clinically-related  services  include  the 
monitoring  of  radiation  safety  procedures  used  in  these  departments. 

Medical  physicists  ensure  that  all  radiation  safety  requirements, 
licenses,  policies,  and  procedures  of  radiology  departments  meet  with  the 
established  requirements  of  state  and  federal  agencies  concerned  with 
radiation  standards,  and  with  the  Joint  Commission  on  the  Accreditation 
of  Hospitals  (JCAH).  Medical  physicists  are  uniquely  trained  and 
qualified  for  performing  these  services,  and  many  medical  physicists  are 
involved  in  clinical  service  and  teaching  in  addition  to  research  activities 
in  an  academic  environment. 

In  summary,  the  medical  physics  profession  offers  many  challenges  to 
physicists  interested  in  the  field.  In  addition,  medical  physicists  enjoy  the 
diversity  of  responsibilities  found  through  research,  teaching,  and  clinical 
service.  Medical  physicists  have  the  opportunity  to  apply  the  principles  of 
physics  to  the  often  complex  and  challenging  problems  of  the  medical 
community,  and  to  use  scientific  methods  for  solving  problems  in 
radiology  and  other  medical  specialties. 

Acknowledgment 

Stephen  Dunn  prepared  the  diagrams  for  this  work. 

Literature  Cited 

Cormack,  A.  M.  1980.  Early  two-dimensional  reconstruction  and  recent  topics  stemming 
from  it.  Med.  Phys.,  7:277-282. 

Damadian,  R.  1971,  Tumour  detection  by  nuclear  magnetic  resonance.  Science,  171:1151. 
Hounsfield,  G.  N.  1973.  Computerized  transverse  axial  scanning  (tomography).  British  J. 
Radiol.,  46:1016. 

- .  1980.  Computed  medical  imaging.  Med.  Phys,,  7:283-290. 

Huddleston,  A.  L.  1987.  Multiple  scattering  in  dual  energy  compton-scatter  densitometry. 
Nucl.  Instr.  Meth.  Phys.  Res.,  A255:351-354. 

Lanzl,  L.  L.  1984.  Degree  programs  in  medical  physics.  Handbook  of  Medical  Physics. 
Waggener  R.  G.,  Kereiakes  J.  G.,  Shalek  R.  J.  (Eds).  CRC  Press,  Boca  Raton,  Florida. 
2:73. 

Lauterbur,  P.  C.  1973.  Image  formation  by  induced  local  interactions:  examples  employing 
nuclear  magnetic  resonance.  Nature,  242:190. 


^w:  . ■":'''  '*W!-''^'  '’  ^ 


I  i  : 


,.  ■  \i;^'  '  ■'  ' 


4 


,  ,  •  .'•^1)  fr  . . 

■»  r;  V*''  •  '  \"^'VY\'.‘(<s  '•.v  -..-  :^'':-  ^'': 


‘  ‘““‘  '"  ......  .  ..  -  ..  ..  1 --1. ^  ’fl'.!, •,'.,.  .'  '  ' 


. '  "“  .. 


.'.  I-' 


«.  ,.  v' 


'  '' 


’  w '» '>V.V> 


,r.'\!.  "  ti. 


DYNAMIC  RADIATION  THERAPY  USING 
NEGATIVE  PI-MESONS 
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Abstract. — The  first  cancer  treatments  using  negative  pi-mesons  were  given  in  1974  at 
the  Los  Alamos  Meson  Physics  Facility,  Los  Alamos,  New  Mexico.  Two  hundred  and 
twenty-eight  patients  had  been  treated  by  the  time  the  pion  therapy  project  was  terminated 
in  1982.  In  1981,  four  patients  received  part  of  their  treatment  in  a  dynamic  mode  whereby 
the  patient  was  scanned  beneath  a  focused  pion  beam  in  order  to  better  localize  the 
stopping  pion  distribution  to  the  tumor  volume.  This  paper  describes  the  design, 
implementation,  and  verification  of  the  dynamic  treatment  sytems.  Key  words:  radiation 
therapy;  negative  pi-mesons;  dynamic  therapy;  cancer  treatment;  particle  therapy. 

In  1935,  Yukawa  postulated  the  existence  of  pions  as  the  quanta 
necessary  to  explain  the  character  of  strong  short-range  forces  between 
the  nucleons.  The  negative  pion  was  discovered  in  1947  (Perkins,  1947; 
Occhialini  and  Powell,  1947)  in  cosmic  radiation.  The  particles  were 
identified  by  their  characteristic  tracks  in  nuclear  emulsion  plates,  which 
were  exposed  to  radiation  at  high  altitude.  Shortly  afterward,  pions  were 
produced  in  the  184-inch  sychrocyclotron  at  Berkeley  (Gardner  and 
Lattes,  1948).  The  nuclear  emulsions  exposed  to  cosmic  rays  had  shown 
the  existence  of  both  negative  and  positive  pions:  accelerator  experiments 
also  confirmed  the  existence  of  neutral  pions. 

Charged  pions  display  the  usual  Bragg  peak  in  the  depth  dose  curve  as 
they  interact  with  and  slow  down  in  matter.  This  property  can  be 
exploited  in  cancer  therapy  to  localize  the  high  absorbed  dose  region  of 
modulated  pion  Bragg  peaks  to  specific  tumor-target  volumes  at  depth  in 
a  patient.  In  addition,  negative  pions  have  the  unique  property  of  being 
captured  by  an  atomic  nucleus  when  they  come  to  rest.  This  results  in  a 
nuclear  spallation  in  which  the  rest  mass  of  the  pion,  approximately  140 
MeV,  appears  in  the  form  of  kinetic  energy  of  nuclear  fragments  except 
for  approximately  40  MeV  expended  in  overcoming  the  nuclear  binding 
energy.  The  production  of  nuclear  fragments  enhances  the  biological 
effectiveness  (cell-killing  ability)  in  the  Bragg  peak  region. 

These  characteristics  of  negative  pions  led  a  number  of  people  to 
consider  their  use  for  cancer  therapy.  Fowler  and  Perkins  (1961) 
published  the  results  of  their  calculations  of  distributions  of  pion  doses 
and  pointed  out  their  advantages  for  cancer  therapy.  This  prompted  a 
program  of  work  at  the  Lawrence  Berkeley  Laboratory  to  study  the 
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physical  and  biological  properties  of  pions  (Richman  et  aL,  1966).  As  a 
result  of  these  studies,  scientists  at  laboratories  where  high  current  proton 
accelerators  were  available  (LANL,  Los  Alamos,  New  Mexico;  TRIUMF, 
Vancouver,  Canada;  and  SIN,  Villigen,  Switzerland)  decided  to  initiate 
pion  therapy  programs.  Important  work  was  accomplished  at  Stanford 
University  where  the  use  of  electron  accelerator  for  pion  production  was 
studied,  together  with  a  large-acceptance  pion  channel  that  would  be 
suitable  as  a  hospital  based  facility.  The  design  was  modified  and 
subsequently  used  at  SIN  (Kaplan  et  al.,  1973;  Boyd  et  al.,  1973). 

The  first  patient  was  treated  with  pions  at  Los  Alamos  on  21  October 
1974  (Kligerman  et  al.,  1976).  The  pion  therapy  project  was  conducted 
jointly  by  the  University  of  New  Mexico  Cancer  Research  and  Treatment 
Center  and  the  Los  Alamos  National  Laboratory  (LANL).  By  1982  when 
the  pion  therapy  project  was  terminated  at  Los  Alamos,  228  patients  had 
been  treated  in  Phase  I,  II,  and  III  clinical  trials.  The  reasons  for  the 
cessation  of  therapy  at  Los  Alamos  included  lack  of  adequate  beam  time 
and  difficulty  in  patient  accession.  The  results  of  the  Los  Alamos  clinical 
trials  have  appeared  in  the  literature  (Bush  et  al.,  1982,  Kligerman  et  al., 
1983).  In  1982,  both  TRIUMF  and  SIN  began  using  negative  pions  to 
treat  patients  with  deep  seated  tumors. 

With  the  exception  of  four  patients  having  brain  tumors,  the  pion 
treatments  at  Los  Alamos  were  done  exclusively  with  static  multiport 
(parallel-opposed)  techniques  using  large,  essentially  parallel,  beams  for 
the  irradiation  of  large  deep-seated  tumors.  Whereas  such  treatments  may 
in  some  cases  provide  dose  distributions  superior  to  those  of  conventional 
x-ray  and  electron  treatments,  they  still  are  less  than  optimal  regarding 
the  sparing  of  surrounding  normal  tissues.  Two  problems  are  inherent  in 
shaping  the  dose  distribution  of  individual  treatment  portals  to  fit  the 
target  volume:  1)  beam  uniformity  in  the  plane  perpendicular  to  the 
incident  beam,  and  2)  beam  shaping  in  a  plane  parallel  to  the  incident 
beam.  The  beam  transport  characteristics  of  the  biomedical  channel 
caused  the  broad  beam  profiles  to  be  approximately  Gaussian  so  that  it 
was  not  possible  to  have  a  uniform  incident  pion  flux  over  the  transverse 
dimensions  of  the  beam.  This  limitation  normally  resulted  in  a  20  percent 
dose  variation  over  the  target  volume.  Range  modulation  of  the  beam 
spread  the  peak  in  the  dimension  parallel  to  the  incident  beam  direction. 
This  modulation  was  designed  to  be  sufficient  for  the  dose  peak  to  cover 
the  target  volume  at  its  maximum  thickness;  however,  this  requirement 
caused  irradiation  of  healthy  tissue  at  other  off-axis  positions  where  the 
target  volume  had  less  thickness.  In  particular,  the  static  method  of 
treatment  represents  an  under  exploitation  of  the  beam  shaping 
properties  of  pions.  Figure  1  demonstrates  the  nature  of  the  problem  with 
static  treatments.  The  central  diagram  represents  a  treatment  plan  in  a 
section  that  contains  the  largest  extent  of  a  target  volume.  The  pion  peak 
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Figure  1.  Representation  of  static  pion  treatment.  The  central  diagram  (b)  shows  a 
transverse  section  through  the  thickest  part  of  the  tumor  volume.  Diagrams  (a)  and  (c) 
show  sections  in  which  the  tumor  volume  is  smaller.  Note  that  the  range  modulation 
(spread  peak)  is  constant  throughout  the  volume  causing  exposure  of  considerable 
volumes  of  normal  tissue  to  peak  pions.  Bolus  placed  in  the  beam  corrects  for  the  shape 
of  patient  surface,  tissue  inhomogeneities  and  the  shape  of  the  distal  edge  of  the  tumor 
volume. 

is  modulated  to  cover  the  target  volume  for  this  section;  however, 
because  in  the  static  treatment  one  is  constrained  to  use  the  same  range 
modulation  throughout  the  target  volume,  excess  normal  tissue  is 
exposed  to  peak  pions  where  the  target  volume  is  smaller.  Also  note  that 
within  a  particular  section  one  cannot  change  the  modulation  function  to 
account  for  changes  in  target  volume  dimensions  parallel  to  the  beam 
path. 

A  method  was  developed  for  delivering  pion  doses  to  deep-seated 
tumors  that  provided  more  sparing  normal  tissue  and  better  field  flatness 
than  did  the  simple  static  method,  where  a  collimated  broad  beam 
covered  the  entire  treatment  volume.  This  system  was  designated  as  the 
dynamic  treatment  mode.  Implementation  of  this  method  of  treatment 
required  the  development  of  special  beam  tunes  in  the  pion  transport 
channel,  new  treatment  hardware,  and  a  special  computer-microprocessor 
based  control  system.  In  addition,  methods  of  treatment  planning  and 
dosimetry  were  modified  to  accommodate  this  new  treatment  mode. 

Two  modes  of  dynamic  treatment  were  proposed,  one  using  a  “fan” 
beam,  another  using  a  “spot”  beam.  In  the  dynamic  “fan”  mode,  a 
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patient  is  one-dimensionally  scanned  across  a  highly  focused  beam,  which 
is  narrow  in  one  transverse  dimension  and  broad  in  the  perpendicular 
dimension.  The  dynamic  “fan”  treatment  mode  was  implemented  and 
four  patients  received  part  of  their  total  treatment  using  this  technique. 
The  dynamic  “spot”  treatment  mode  is  actually  an  extension  of  the  fan 
mode  whereby  the  treatment  is  accomplished  by  scanning  the  patient  in 
two  dimensions  beneath  the  spot  beam  (a  beam  focused  in  both 
transverse  dimensions)  instead  of  scanning  in  one  dimension  under  the 
fan  beam.  The  spot  technique  was  not  implemented  due  to  the 
unexpected  termination  of  the  Los  Alamos  pion  therapy  project.  A 
calculated  comparison  of  static  and  dynamic  treatment  modes  was 
published  (Hogstrom  et  al.,  1980).  This  paper  describes  the  design  of  the 
dynamic  fan  beam  systems  and  presents  a  typical  treatment  plan  for  a 
patient  with  a  brain  tumor.  Historically,  these  treatments  represented  a 
milestone  in  the  use  of  heavy-charged  particle  beams  in  a  dynamic 
treatment  mode. 


Methods  and  Materials 

The  pi-mesons  are  secondary  particles  produced  in  a  nuclear  reaction.  At  LAMPF,  pions 
were  produced  by  bombarding  a  graphite  target  of  17.6  grams  per  square  centimeter 
(density  =  2.2  g/cm^)  with  760  MeV  protons.  Negative,  positive,  and  neutral  pions  were 
produced  in  the  proton-carbon  collisions.  The  neutral  pions  have  lifetimes  of  10"'^  seconds 
and  decay  into  two  gamma  rays.  The  charged  pions  have  a  lifetime  of  2.55  X  10~*  seconds 
and  decay  predominately  into  a  muon  and  a  neutrino.  The  charge  of  the  pion  is  equal  to 
that  of  an  electron. 

The  pion  biomedical  transport  channel  (Fig.  2)  lies  in  a  plane  oriented  such  that  the 
production  angle  is  at  70°  to  the  direction  of  the  proton  beam.  Some  of  the  gamma  rays 
from  neutral  pion  decay  covert  in  the  target  into  electron-positron  pairs,  which  have  a 
predominately  forward  direction.  The  channel  orientation  was  chosen  to  reduce  the  electron 
component  in  the  beam  and  still  maintain  a  high-production  cross  section  for  pions.  The 
pions  were  accepted  within  a  solid  angle  of  16  msr  (rms).  Negative  muons  resulting  from 
pion  decay  in  the  target  region  as  well  as  electrons  having  the  appropriate  momentum  were 
accepted  by  the  channel  along  with  negative  pions  and  remained  as  contamination  in  the 
beam.  Muons  also  are  produced  througout  the  channel  by  pion  decay. 

Figure  2  is  a  view  of  the  bend  plane  (X-Z  plane)  of  the  biomedical  channel,  which 
consisted  of  eight  quadrupole  magnets  and  three  wedge-type  bending  magnets  with  an 
intermediate  focus  between  the  second  and  third  bends.  The  total  length  of  the  channel  was 
about  11.7  meters.  The  channel  opening  was  filled  with  plastic  bags  containing  helium  to 
reduce  multiple  coulomb  scattering.  The  properties  of  the  transport  channel  and  its  tuning 
has  been  described  by  Paciotti  et  al.  (1975). 

All  of  the  patients  treated  at  Los  Alamos  were  treated  primarily  with  static  pion  beam 
therapy  with  the  exception  of  four  brain  tumor  patients,  who  received  part  of  their 
treatment  with  dynamic  therapy.  Static  pion  beams  are  characterized  by  collimation  of  a 
broad  pion  beam  to  the  transverse  projection  (plane  perpendicular  to  the  incident  beam) 
and  the  tumor-target  volume  and  control  of  the  longitudinal  (parallel  to  the  incident  beam) 
peak  size  by  use  of  a  range  modulator.  The  range  modulator  adjusted  the  pion  residual 
momentum  by  varying  the  length  of  a  column  of  low  density  oil  in  the  beam  path  by  use  of 
a  computer  controlled  bellows  (Amols  et  al.,  1977).  In  static  pion  therapy,  the  patient  is 
held  stationary  under  the  beam  during  the  irradiation  session.  The  static  beam  therapy 
system  has  been  described  by  Hogstrom  et  al.  (1979). 
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Figure  2.  The  pion  collection,  transport  and  beam  shaping  channel  at  the  Los  Alamos 
Meson  Physics  Facility.  The  range  modulator  (not  shown)  is  positioned  between  the 
beam  monitor  and  the  patient. 

The  dynamic  treatment  system  has  been  described  by  Amols  et  al.  (1980).  This  system 
consists  of  special  pion  beam  tunes  (settings  of  currents  in  the  pion  transport  magnets),  a 
computer-microprocessor  controlled  hardware  system  that  includes  a  scanning  patient 
treatment  couch,  a  dynamic  pion  beam  range  modulator,  and  a  pion  beam  monitor 
transmission  ionization  chamber.  A  diagram  of  the  system  is  shown  in  Figure  3.  The  pion 
beam,  incident  along  the  Z-axis,  has  a  stopping  distribution  that  is  small  in  both  Z  and  Y, 
but  large  in  X  and  is  approximately  cylindrical  in  shape  in  the  stopping  region. 

The  patient  is  moved  in  steps  in  the  Y-direction  (that  is,  across  the  narrow  transverse  axis 
of  the  beam).  As  the  patient  is  stepped  across  the  beam,  the  range  modulator  spreads  the 
pion  peak  region  such  that  the  resulting  depth  dose  distribution  conforms  to  the  maximum 
thickness  of  the  treatment  volume  at  each  step.  In  this  way,  the  depth  dose  distribution  of 
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Figure  3.  Schematic  drawing  of  the  dynamic  beam  treatment  system.  The  range  modulator 
(shifter)  spreads  the  cylindrical  pion  stopping  region  in  the  Z  dimension  to  cover  the 
target  volume  at  each  treatment  couch  position. 

the  beam  can  be  made  broad  in  regions  where  the  tumor  is  thick,  but  smaller  where  the 
tumor  is  narrow,  adding  beam  shaping  capability  in  a  step-wise  fashion  that  is  not  possible 
with  static  treatments. 

The  patient  is  scanned  across  the  beam  in  uniform  steps,  usually  one  centimeter.  The 
amount  of  time  spent  at  each  step  is  varied  to  produce  a  uniform  dose  equivalent 
(biologically  effective  dose)  in  all  portions  of  the  treatment  volume. 

The  width  of  the  pion  beam  in  the  X-dimension  could  be  controlled  by  the  beam 
transport  magnets  and  was  selected  from  a  catalog  of  tunes  to  be  no  larger  than  necessary 
to  completely  cover  the  desired  treatment  volume.  X-dimensions  up  to  18  centimeters  at  the 
85  percent  physical  dose  level  were  possible.  A  collimator  placed  between  the  rangeshifter 
and  the  patient  shaped  the  beam  in  the  X-dimension. 
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The  Y-dimension  of  the  beam  was  typically  about  2.5  centimeters  FWHM,  and  the 
scanning  function  was  selected  to  encompass  the  maximum  tumor  extent  in  the  Y- 
dimension  by  making  the  desired  number  of  steps  in  the  Y-dimension.  Collimation  was  not 
necessary  in  the  Y-dimension  due  to  inherent  sharpness  of  the  beam.  Through  the  use  of 
suitable  scanning  functions,  target  volumes  as  large  as  18  centimeters  by  75  centimeters  by 
14  centimeters  (X,Y,Z)  thick  could  be  treated  without  having  to  resort  to  abutting  fields. 

The  hardware  for  this  system  (that  is,  the  pion  beam  monitor  chamber,  the  patient 
treatment  couch,  and  the  dynamic  range  modulator)  were  interfaced  to  a  PDP  11/70 
control  computer  through  a  PDP  11/03  microprocessor,  A  parallel  plate  ionization 
chamber,  40  centimeters  in  diameter  and  located  at  the  channel  exit,  recorded  the  total 
incident  pion  flux,  thus  serving  as  the  monitor  of  the  pion  dose.  Based  on  the  output  of  this 
chamber,  plus  a  predetermined  treatment  table  stored  in  memory,  the  computer- 
microprocessor  system  controlled  and  coordinated  the  movement  of  the  couch  and  the 
range  modulator.  A  second  ionization  chamber  and  a  target  current  integrator  served  as 
back-up  safety  systems  in  case  of  failure  or  malfunction  in  the  primary  ionization  chamber. 

Couch  motion  in  five  dimensions  (three  translations  and  two  rotations)  were  possible, 
although  only  one  translation  was  implemented  for  the  studies  reported  here.  Couch  motion 
was  achieved  by  means  of  D.C.  servo  motors,  the  speed  of  which  was  dependent  on  a 
voltage  signal  from  the  11/03  microprocessor.  Range  modulator  thickness  was  set  by  an 
independent  controller  interfaced  to  a  hydraulically-actuated  servo  valve.  The  range 
modulator  controller,  in  turn,  was  actuated  by  a  12-bit  digital  signal  from  the 
microprocessor.  Both  the  couch  and  the  range  modulator  were  equipped  with  redundant 
sets  of  shaft  encoders  and  resistor  pots  to  enable  the  control  computer  to  verify  system 
response. 


Results 

To  implement  patient  treatment  using  dynamic  therapy,  one  must 
calculate  the  treatment  table  to  be  stored  in  computer  memory.  This 
consisted  of  a  series  of  desired  range  modulation  functions  versus 
treatment  couch  position,  plus  the  amount  of  time  (monitor  chamber 
counts)  spent  at  each  position.  These  parameters  must  be  determined  in 
treatment  planning  from  the  designated  treatment  volume,  patient 
geometry,  and  the  prescription  of  the  physician  (which  determines  the 
dose  to  be  delivered  to  tumor,  target,  and  normal  tissues  volumes). 

These  parameters  were  stored  on  a  disk  in  the  PDP  11/70  computer. 
Before  treatment,  the  11/70  transferred  these  data  to  the  memory  of  the 
11/03.  Treatment  was  initiated  by  manually  setting  up  the  patient,  along 
with  a  collimator  and  bolus,  on  the  treatment  couch  and  establishing  a 
reference  between  the  patient  and  the  computer.  The  computer  then 
moved  the  couch  to  the  first  step  in  the  treatment  table  and  initiated  the 
first  range  modulation  function.  The  pion  beam  was  turned  on,  and 
treatment  was  initiated.  The  computer  monitored  the  integral  dose  from 
the  monitor  chamber  and,  at  the  appropriate  dose  values,  moved  the 
couch  and  simultaneously  changed  the  range  modulator  function.  At  the 
completion  of  treatment,  the  beam  was  automatically  turned  off.  The  1 1  / 
70  periodically  read  the  shaft  encoders  on  both  the  couch  and  the  range 
modulator  to  ensure  that  treatment  proceeded  as  planned.  All  commands 
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Figure  4.  Typical  central  axis  (squares)  and  integrated  (circles)  unmodulated  depth  dose 

curves  for  a  fan  beam  used  in  dynamic  therapy. 

to  the  couch  and  range  modulator,  however,  were  issued  by  the  11/03. 
This  prevented  overloading  of  the  main  computer,  which  also  was  used 
for  tuning  and  monitoring  the  transport  channel  and  for  numerous  other 
purposes. 

The  dosimetry  and  treatment  planning  for  dynamic  treatments  were 
complicated  by  the  nature  of  the  focused  beam,  which  had  a  waist,  in 
water,  at  95  centimeters  distance  from  the  last  channel  quadrupole.  In 
practice,  the  center  of  the  target  volume  was  placed  at  this  waist.  As  the 
Bragg  peak  was  swept  through  the  target  volume  during  treatment,  the 
penetration  and  shape  of  the  pion  beam  varied.  The  penetration  varied 
approximately  five  millimeters  as  the  Bragg  peak  was  caused  to  stop 
from  five  centimeters  before  the  waist  to  five  centimeters  after  the  waist. 
Also,  the  peak-to-plateau  dose  ratio  of  the  beam  changed  somewhat.  In 
order  to  account  for  these  changes,  a  complete  file  of  depth-dose  curves 
covering  the  maximum  dimensions  of  the  target  volume  was  generated. 
This  is  accomplished  by  direct  measurement  of  the  isodose  dose  curves  in 
the  Y-Z  plane  with  the  beam  stopping  in  water  at  90,  95,  and  100 
centimeters,  then  calculating  the  distributions  at  other  positions  by 
decrement  line  analysis.  After  the  Y-Z  distributions  were  obtained,  they 
were  integrated  in  Y,  resulting  in  a  depth-dose  distribution  that  would  be 
obtained  by  adding  the  individual  beams  together  laterally  in  a  step-wise 
fashion — that  is,  this  process  simulated  the  effect  of  scanning  the  beam  in 
the  Y  dimension  and  measuring  the  “effective”  central  axis  depth-dose 
curve.  Figure  4  shows  a  typical  result  of  this  procedure.  The  curve 
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Figure  5.  Typical  unmodulated,  integrated  depth  dose  curves  for  the  total  (low  plus  high 
LET)  physical  dose  (circles)  and  the  high  LET  dose  (squares). 


denoted  by  squares  is  the  depth-dose  curve  measured  by  a  single  static 
beam,  whereas  the  depth-dose  curve  denoted  by  circles  is  the  result  of  the 
calculation  that  simulates  the  scanning  geometry.  This  entire  process  was 
repeated  for  measurements  of  the  high  linear  energy  transfer  (LET) 
component  of  the  beam  using  a  thin  silicon  detector  and  a  Rossi  type 
proportional  counter  (Richman,  1981;  Dicello  and  Zaider,  1978).  Figure  5 
shows  an  example  of  the  completed  process — an  integrated  depth-dose 
curve  for  both  the  total  dose  and  high  LET  dose.  The  high  LET  dose  is 
arbitrarily  taken  as  the  dose  with  linear  energy  transfer  greater  than  50 
KeV  per  micron.  Such  curves  are  generated  for  the  pion  beam  stopping 
at  any  depth  on  either  side  of  the  waist  of  the  focused  beam.  These 
curves  then  served  as  a  catalog  for  designing  range  modulation  functions 
that  spread  out  the  region  of  stopping  pions.  For  example,  if  the  desired 
spread  peak  is  10  centimeters,  the  Bragg  peak  was  modulated  to  stop  in 
the  region  90  to  100  centimeters.  At  each  step  of  the  range  modulator, 
the  range  modulator  function  design  program  used  a  depth  dose  curve 
appropriate  for  that  position.  The  results  of  this  procedure  are  indicated 
in  Figure  6,  which  shows  a  nine-centimeter  range  modulated  depth-dose 
curve  that  has  a  physical  dose  shaped  to  produce  a  uniform  dose- 
equivalent  curve.  Also  shown  is  the  high  LET  dose.  The  dose-equivalent 
curve  is  calculated  from  a  model  that  yields  the  RBE  at  each  point  on  the 
curve. 

Dose  equivalent  is  the  product  of  the  physical  (measured)  dose  and  the 
relative  biological  effectiveness  (RBE)  at  each  point  on  the  depth  dose 
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Figure  6.  A  typical  nine-centimeter,  range-modulated,  depth-dose  curve  showing  the 
biologically  effective  (equivalent)  dose,  the  total  (low  plus  high  LET)  dose  and  the  high 
LET  dose.  The  curves  are  normalized  to  100  percent  at  the  point  of  maximum  dose  on 
the  total  dose  curve. 

curve.  RBE  is  the  ratio  of  the  dose  required  by  a  standard  radiation 
(usually  taken  as  cobalt-60)  to  the  dose  required  by  a  non-standard 
radiation,  that  is,  pions,  to  obtain  the  same  biological  end  point,  for 
example  cell  death,  in  a  given  biological  system.  In  order  to  determine 
the  dose  equivalent  distribution  for  any  given  measured  depth-dose  curve, 
or  to  determine  what  shape  a  physical  dose  curve  must  have  in  order  to 
give  a  flat  dose  equivalent  distribution,  the  RBE  at  each  point  in  the 
irradiated  material  must  be  either  measured  or  calculated.  Because 
measured  RBE  data  for  the  pion  beams  were  not  available,  the  RBE  was 
assumed  to  be  a  linear  function  of  the  fraction  of  dose  delivered  at  high 
LET: 


RBE  =  1.0  +  RBE  (Dh/Fl)n  *  F  (RMF), 

where  RBE  is  an  RBE  factor  assigned  to  a  standard  treatment  (10  by  10- 
centimeters  collimator,  10-centimeter  range  modulation  function,  4500 
rad  in  35  fractions),  (Dh/Dl)n  is  the  ratio  of  the  high-to-low-LET  dose 
normalized  to  1.0  at  the  point  of  maximum  LET,  and  F(RMF)  is  a 
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Figure  7.  Typical  Y-Z  calculated  effective  isodose  distribution  for  a  seven-centimeter, 
range-modulated  beam.  The  innermost  curve  is  100  percent  and  the  isodose  curves  are 
shown  in  10  percent  increments — that  is,  90  percent,  80  percent  ...  10  percent. 

function  of  the  size  of  the  spread  peak.  At  points  where  the  high  LET 
dose  approaches  zero,  that  is,  in  the  plateau  and  post  peak,  the  RBE 
approaches  1.0,  the  low  LET  value.  The  value  0.6  was  assigned  to  the 
RBE  factor  (RBE)  so  that  for  the  standard  treatment  field  the  RBE  =  1.6 
at  the  point  in  the  distal  peak  where  Dh  is  maximum.  This  was  the  RBE 
established  from  the  observation  of  patients’  oral  mucosa  during  a  course 
of  pion  treatment  for  tumors  of  the  head  and  neck.  For  spread  peaks  less 
than  10  centimeters,  the  ratio  Dh/Dl  will,  in  general,  increase  because 
there  is  less  low  LET  plateau  dose  folded  into  the  peak  region.  However, 
for  smaller  spread  peaks,  the  neutron  component  of  the  dose  will 
decrease,  thereby  off-setting  somewhat  the  increase  in  charged  particle 
high  LET  dose.  For  spread  peaks  larger  than  10  centimeters,  the  opposite 
occurs — the  charged  particle  high  LET  dose  will  decrease,  while  the 
neutron  component  will  increase.  Therefore,  the  function  F(RMF)  was 
set  as  1.0  for  a  10-centimeter  spread  peak  and  will  increase  slightly  for 
smaller  peaks  and  decrease  slightly  for  larger  peaks.  The  maximum  RBE 
for  any  spread  peak  is  not  expected  to  vary  more  than  10  percent  from 
1.6  due  to  the  effects  discussed  above. 
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Figure  8.  The  physical  dose  distribution  for  a  longitudinal  section  through  the  target 
volume  (stepped  outline).  This  is  the  physical  dose  required  to  achieve  biologically 
effective  isodose  of  90  percent  surrounding  the  target  volume.  This  is  the  right  lateral 
treatment  port  and  is  shown  in  water  equivalent  thickness  for  purpose  of  treatment 
planning. 

The  validity  of  the  above  relationship  between  the  RBE  and  the 
relative  measured  high  LET  dose  in  the  pion  beams  was  established  by 
experiment.  Cultured  hamster  cells  (V79)  suspended  in  gelatin  and  placed 
in  long,  cylindrical  tubes  in  water  phantoms  were  exposed  to  pion  beams 
with  spread  peaks  ranging  from  six  to  14  centimeters,  fields  sizes  ranging 
from  seven  by  seven  centimeters  to  14  by  14  centimeters,  and  doses 
ranging  from  100  to  600  rads.  The  data  showed  that  range  modulation 
functions  designed  from  the  RBE  equation  given  above  produced  spread 
peaks  which  caused  uniform  cell  killing  to  within  10  percent  throughout 
the  central  axis  depth  dose  region  of  the  extended  peaks.  These 
measurements  have  been  reported  (Raju  et  al.,  1982).  Range  modulation 
functions  were  designed  for  spread  peaks  ranging  in  size  from  three  to  14 
centimeters  in  one  centimeter  intervals.  Figure  7  shows  a  typical  Y-Z 
calculated  effective  isodose  distribution  for  a  seven-centimeter  spread 
peak.  Such  a  distribution  was  measured  for  the  physical  dose  and 
calculated  for  the  effective  dose  for  each  spread  peak.  Finally, 
distributions  of  this  type  were  used  to  calculate  the  total  dose  and  dose 
equivalent  distributions  for  the  entire  dynamic  treatment.  In  the 
treatment  design  the  appropriate  Y-Z  distribution  was  chosen  for  each 
step  of  the  treatment  and  weights  were  assigned  for  each  step,  which 
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Figure  9.  The  dose  equivalent  (biologically  effective  dose)  distribution.  The  90  percent 
isodose  line  circumscribes  the  target  volume  as  dictated  by  the  dose  prescription. 

resulted  in  a  uniform  dose  equivalent  (at  the  90  percent  dose  level)  over 
the  entire  treatment  volume.  The  weight  of  each  step  was  adjusted  for 
changes  in  RBE  for  peaks  spread  to  different  dimensions,  taking  into 
account  the  difference  in  both  the  neutron  and  charged  particle 
components  of  the  high  LET  dose. 

Table  1  shows  the  treatment  table  for  a  typical  dynamic  treatment. 
This  treatment  required  12  steps  at  one-centimeter  intervals.  The  spread 
peaks  ranged  in  size  from  six  to  10  centimeters.  Also  given  are  the  dose 
weights  for  each  step  and  the  monitor  units  required  to  deliver  the 
prescribed  dose  for  this  treatment.  Figure  8  shows  the  resultant  physical 
dose  distribution  for  a  longitudinal  section  through  the  center  of  the 
target  volume.  This  is  the  physical  dose  required  to  achieve  a  biologically 
effective  isodose  of  90  percent  surrounding  the  target  volume.  The  patient 
anatomy  has  been  transformed  into  water  equivalent  thickness  for  the 
purpose  of  treatment  planning  by  integrating  over  the  stopping  powers 
derived  from  computerized  tomography  (CT)  data  for  the  patient,  and 
calculating  water  equivalent  depth  from  skin  surface  to  the  proximal  and 
distal  edge  of  the  target  volume  on  each  CT  slice.  Once  the  appropriate 
depth  of  penetration  and  range  modulation  function  was  determined  for 
each  step  from  this  water-equivalent  calculation,  the  bolus  calculation 
was  performed  by  use  of  the  actual  patient  CT  data.  Bolus  is  the  material 
placed  in  the  beam  path  that  corrects  for  irregularities  in  the  patient 
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Table  1.  Dynamic  treatment  plan,  right  lateral  brain  cone-down  (patient  head  in  -Y 
direction;  step  1  is  most  superior  slice). 


Step  no. 
treatment 

Couch 

position  (cm) 

Modulation 
function  (cm) 

Dose 

weight 

Dose  monitor 
units 

1 

+5.5 

06 

0.1871 

362 

2 

+4.5 

07 

0.0323 

66 

3 

+3.5 

08 

0.0645 

140 

4 

+2.5 

09 

0.0774 

173 

5 

+  1.5 

10 

0.0645 

149 

6 

+0.5 

10 

0.0710 

164 

7 

-0.5 

10 

0.0710 

164 

8 

-1.5 

10 

0.0645 

149 

9 

-2.5 

09 

0.0710 

159 

10 

-3.5 

08 

0.0645 

140 

11 

-4.5 

07 

0.0322 

66 

12 

-5.5 

07 

0.2000 

407 

1.0000 

2139 

surface,  nonheterogeneous  tissues  in  the  beam  path  and  the  shape  of  the 
distal  target  volume.  These  calculations  were  verified  by  actual 
measurement  with  thermoluminescent  dosimeters  and  ion  chambers  in  a 
water  phantom  using  the  patient  collimator  and  bolus  and  simulating  the 
entire  dynamic  treatment.  The  measurements  confirmed  the  calculated 
physical  dose  distribution  to  be  accurate  to  within  five  percent. 

The  dose  equivalent  distribution  is  shown  in  Figure  9.  The  90  percent 
isodose  line  circumscribes  the  target  volume  as  planned.  The  assumptions 
contained  in  the  transformation  of  physical  dose  to  dose  equivalent  and 
the  calculations  of  the  volumetric  dose  equivalent  distributions  were 
verified  in  an  experiment  using  cultured  hamster  cells.  A  target  volume  in 
water  consisting  of  five  depths  (3,  7,  10  and  14  centimeters)  was  planned 
for  irradiation  such  that  the  90  percent  isodose  equivalent  curve  would 
circumscribe  the  target  volume.  Seven  cylindrical  tubes  containing  the 
gelatin  suspended  cells  were  placed  throughout  the  water  phantom  with 
the  axes  of  the  cylinders  perpendicular  to  the  beam  direction  (three 
cylinders  in  the  XZ  plane  and  four  in  the  YZ  plane).  The  exposure  of  the 
water  phantom  was  treatment  planned  in  the  same  manner  as  the  patient 
treatment  described  above  and  the  “treatment”  was  carried  out.  The 
analysis  of  cell  killing  in  the  target  volume  confirmed  the  accuracy  of  the 
calculation  to  within  10  percent. 

With  confirmation  of  the  dose  distribution  calculations  in  hand,  the 
clinical  research  team  confidently  gave  four  patients  part  of  their 
treatment  using  the  dynamic  fan  beam  system.  The  treatments  proceeded 
as  planned  and  the  complicated  control  and  verification  systems  worked 
flawlessly.  On  the  basis  of  this  experience,  the  decision  was  made  to 
perform  the  entire  treatment  of  one  or  more  patients  using  dynamic 
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therapy  during  the  next  patient  treatment  cycle  and  to  proceed  with 
implementation  of  the  “spot”  beam  dynamic  therapy  mode.  The 
termination  of  the  pion  therapy  program  in  March  of  1982  made  it 
impossible  to  carry  out  these  plans. 

Discussion 

We  have  described  a  system  for  dynamic  radiation  therapy  using 
negative  pi-mesons  and  presented  a  simple  treatment  plan  for  such  a 
system.  These  treatments  were  historically  significant  because  they  were 
the  first  dynamic  treatments  carried  out  on  cancer  patients  using  heavy- 
charged  particle  beams.  Since  1982,  when  the  pion  therapy  program  was 
terminated  at  Los  Alamos,  the  researches  at  TRIUMF  in  Vancouver 
(Goodman  et  al.,  1985)  and  at  SIN  in  Switzerland  (von  Essen  et  al., 
1982)  have  initiated  their  own  forms  of  dynamic  pion  treatments  and  are 
now  routinely  treating  patients.  The  experience  at  Los  Alamos  paved  the 
way  for  the  success  of  these  clinical  programs. 
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Abstract. — This  investigation  presents  a  mathematical  pair  model,  grounded  in  physical 
reality  by  the  Laplace  transformation,  to  describe  the  attenuation  of  a  photon  beam  and  the 
corresponding  bremsstrahlung  spectral  distribution.  The  Laplace  model  has  been 
mathematically  extended  to  include  characteristic  radiation.  A  method  to  determine  the 
fraction  of  characteristic  radiation  in  any  diagnostic  x-ray  beam  also  is  presented.  The 
constructive  accuracy  of  the  model  is  evaluated  by  comparison  of  various  computed  spectra 
with  those  experimentally  measured.  Key  words:  spectra;  characteristic  radiation; 
attenuation  analysis;  Laplace  transformation  pair  model. 


Soon  after  the  discovery  of  x  rays  by  Roentgen  in  1895,  it  was 
recognized  that  the  radiation  emitted  from  x-ray  tubes  was  not  limited  to 
a  single  wavelength  or  energy.  Early  researchers,  Duane  and  Hunt  (1915), 
pointed  out  that  a  complex  heterogeneous  energy  distribution  of  x-rays 
resulted  when  high  voltage  was  applied  to  an  x-ray  tube.  However, 
spectral  distributions  were  difficult  to  determine.  Physicist  L.  Taylor 
(1931)  wrote:  “direct  measurement  of  a  spectral  energy  distribution  is  the 
most  reliable  and  satisfactory  way  of  describing  the  quality  of  radiation, 
but  this  is  so  difficult  and  cumbersome  that  the  method  eliminates  itself 
from  the  field  of  practical  applications.” 

Accordingly,  various  indirect  methods  of  quality  description,  based  on 
the  absorption  properties  of  x  rays  in  metals,  were  developed.  One  of  the 
first  (and  one  of  the  most  widely  used)  means  of  describing  the  quality  of 
an  x-ray  beam  is  known  as  the  half-value  layer  (HVL)  method.  The  HVL 
is  defined  as  the  thickness  of  attenuating  material  (usually  copper  or 
aluminum)  needed  to  reduce  the  beam  intensity  to  one-half  of  the 
original  value  (Mayneord  and  Roberts,  1935).  Using  this  method,  a  single 
“effective”  energy  is  often  used  to  represent  the  entire  spectrum  (Johns 
and  Cunningham,  1978).  Almost  immediately  after  its  inception,  concerns 
about  the  obvious  inadequacy  of  representing  an  entire  spectrum  with 
one  energy  were  voiced  by  Taylor  (1931)  and  Taylor  and  Singer  (1934). 
Quimby  (1929)  made  a  detailed  study  of  the  qualities  of  various  x-ray 
beams  all  having  the  same  HVL  of  copper  and  found  large  differences 
among  them.  Not  surprisingly,  today’s  workers  are  still  criticizing  the 
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widespread  use  of  the  HVL  approximation  (Lentsch  and  Finston,  1967; 
Cowdrey  et  al.,  1970;  Seelentag  and  Panzer,  1979), 

Over  the  years,  various  attempts  have  been  made  to  improve  upon  the 
HVL  as  a  spectral  approximation.  Schwarzchild  (1931)  defined  a  cube- 
root  function  based  on  x-ray  beam  absorption  as  his  “measure  of  spectral 
significance.”  This  description  was  never  accepted.  Christen  (1930) 
defined  the  term  “homogeneity  coefficient”  as  the  ratio  of  the  first  HVL 
to  the  second  HVL.  Trout  et  al.  (1962)  reintroduced  this  concept  and 
found  that  the  spectral  distribution  of  an  x-ray  beam  can  be  “well 
described  by  the  first  HVL  and  the  homogeneity  coefficient.”  However, 
Hale  (1966)  concluded  that  this  combination  was  ''not  a  useful 
specification  of  diagnostic  beam  quality”  because  it  could  not  distinguish 
between  x-ray  beams  of  widely  varying  characteristics.  Greening  (1963) 
sought  to  improve  the  approximation  by  representing  a  spectral 
distribution  with  three  monoenergetic  components.  Twidell  (1970)  and 
later  Huang  et  al.  (1982,  1983)  developed  iteractive  computer  routines  to 
derive  a  spectrum  from  its  attenuation  curve  using  trial  and  error 
methods.  Chu  and  Fenster  (1983)  determined  gross  spectral  distributions 
from  transmission  measurements  using  K-edge  filters.  The  complexities  of 
these  methods,  however,  make  them  impractical  for  the  typical  research 
laboratory. 

Kramers  (1923)  developed  a  rather  simple  theory  for  calculating 
bremsstrahlung  x-ray  spectra.  This  theory  has  been  modified  by  Storm 
(1972),  Soole  (1976),  and  Birch  and  Marshall  (1979).  However,  all 
theoretical  models  assume  many  conditions  that  are  not  physically 
possible,  such  as  a  perfectly  smooth  target,  a  focused  electron  beam,  and 
no  anode  impurities.  As  Seelentag  and  Panzer  (1979)  pointed  out,  “a 
spectrum  for  a  given  tube  voltage  and  total  filtration  will  be  different  for 
different  tubes  or  generators  (due  to  the  influence  of  target  angle,  anode 
composition,  tube  window,  voltage  waveform,  cable  length,  etc.)  or  even 
tubes  of  the  same  type  (differences  in  manufacturing,  aging,  etc.).”  Thus, 
each  x-ray  unit  generates  a  relatively  unique  set  of  bremsstrahlung 
spectra.  The  physical  differences  from  unit-to-unit  simply  cannot  be 
addressed  by  theoretical  calculations.  For  accurate  spectral  information, 
physical  measurements  must  be  made  on  the  actual  x-ray  unit  that 
produces  the  desired  spectrum. 

Significant  advances  have  been  made  in  the  field  of  x-ray  spectrometry 
since  Taylor’s  comments  in  1931.  Johansson  (1951)  was  the  first  to  use 
the  scintillation  spectrometer  with  an  Nal  (Tl)  crystal  for  measuring 
continuous  x-ray  spectra.  Others  refined  his  techniques  (Hettinger  and 
Starfelt,  1957;  Epp  and  Weiss,  1966;  Unsworth  and  Greening,  1970).  The 
major  drawback  to  these  systems  was  the  poor  energy  resolution  of  Nal, 
necessitating  rather  large  corrections  to  the  measured  spectra. 
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Recent  improvements  in  semiconductor  radiation  detectors  have 
eliminated  problems  of  nonlinearity  and  greatly  improved  energy 
resolution.  Atkins  (1975),  Fewell  and  Shaping  (1977),  and  Fewell  et  al. 
(1982)  have  published  diagnostic  x-ray  spectra  determined  with  intrinsic 
germanium  detectojs.  The  work  of  Fewell  and  Shaping  represents  the 
state-of-the-art  in  spectral  measurements.  The  laboratory  at  the  National 
Center  for  Devices  and  Radiological  Health  contains  the  costly 
spectrometer  system  and  associated  instruments  to  assure  system  stability 
and  highly  reproducible  measurements.  Such  a  system  is  beyond  the 
means  of  the  vast  majority  of  researchers,  however,  and  x-ray 
spectrometry  remains  too  costly  and  complex  to  be  widely  used. 

Silberstein  (1932)  first  tried  to  approximate  spectra  using  a  method 
known  as  attenuation  analysis.  His  work  was  developed  by  Jones  (1940) 
and  others  (Bell,  1936;  Greening,  1963).  With  this  method,  an  x-ray 
attenuation  curve  is  approximated  with  an  analytic  function  containing 
several  parameters.  If  the  model  is  properly  chosen,  its  inverse  Laplace 
transform  is  a  unique  data  set  that  approximates  the  original  energy 
spectrum.  This  method  is  an  attractive  alternative  to  spectrometry 
because  it  can  theoretically  provide  the  same  information  with  relatively 
simple  experimental  measurements,  using  widely  available  equipment. 
However,  existing  models  have  been  shown  to  be  inadequate  in  light  of 
the  improved  spectral  knowledge  and  dosimetric  techniques  available 
today. 

Two  recent  publications  evidence  the  renewed  interest  in  this  technique. 
Huang  et  al.  (1981)  presented  a  new  model  for  high  energy  spectra  that 
gives  a  better  approximation  than  Monte  Carlo  methods  or  existing 
models.  However,  the  authors  admit  this  model  is  still  “coarse”  because 
the  reconstructed  spectrum  contains  an  erroneous  high  energy  tail.  Baird 
(1981)  showed  that  the  wrong  choice  of  model  can  produce  a  grossly 
inaccurate  oscillatory  spectrum,  and  concluded  that  spectra  must  be 
“forced  to  assume  some  preconceived  basic  shape.”  However,  Baird  did 
not  provide  a  viable  model  for  spectral  reconstruction. 

Inherent  within  every  x-ray  attenuation  curve  is  the  information 
necessary  to  obtain  the  complete  energy  spectrum  of  the  x-ray  beam.  To 
date,  however,  attempts  to  extract  accurate  spectral  information  have 
been  inadequate.  This  work  presents  a  Laplace  transform  pair  that  can  be 
used  to  accurately  reconstruct  spectra  from  attenuation  data  for  a  variety 
of  x-ray  sources. 

Attenuation  Analysis 

The  determination  of  an  attenuation  curve  for  an  x-ray  beam  is 
straight-forward.  An  ionization  chamber  is  placed  in  the  field  under 
narrow-beam  conditions  and  the  signal  is  first  recorded  with  no  filtration 
present.  Measurements  are  then  taken  with  successively  increasing  filter 
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thicknesses.  The  ionization  chamber  measures  the  energy  deposition  per 
unit  mass  of  air.  The  output  is  related  to  the  integral  of  the  spectrally 
distributed  energy  fluence  weighted  by  the  appropriate  mass  energy 
absorption  coefficient  (Hubbell,  1982).  The  signal  from  the  chamber  is 
given  by: 


S  =  k/^E(Men/p)airdE.  (1) 

In  terms  of  photon  fluence  this  equation  becomes: 

S  =  k;/(^.£E(Men/p)  air  dE.  (2) 

If  an  attenuator  of  thickness  f  is  placed  into  the  beam,  the  differential 
energy  spectrum  of  the  fluence  becomes: 

=  <^E(0)e  (3) 

The  signal  now  becomes  a  function  of  f: 

S(^)  =  k  /  <^.E(0)e“Emf.E-(juen/ p)  air  dE.  (4) 

The  relative  transmission,  T(f),  is  the  ratio  of  the  signal  with  attenuator 
thickness  f  to  the  signal  with  no  attenuator: 

T(f)  =  (5) 

S(0) 


If 


F(E)  =  ^^E(0)E(Men/  P)air 

S(0) 


(6) 


then  the  transmission  equation  becomes: 


(7) 


When  an  attenuating  material  is  chosen  such  that  (E)  decreases 
monotonically  with  E,  a  change  of  variable  from  photon  energy  to  mass 
attenuation  coefficient  can  be  made: 


T(f)  =  d/im,  (8) 

where 


f(Pm)dpm  =  -  F(E)  dE. 


(9) 
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Equation  (8)  is  a  Laplace  transformation.  T(f),  which  represents  the 
transmission  curve,  and  f  (pm)  is  the  inverse  Laplace  transformation  of 
the  transmission  curve  and  is  related  to  the  energy  spectrum  F(E)  by 
Equation  (9). 

Characteristic  X  Rays 

Characteristic  x  rays  result  when  vacancies,  or  “holes,”  which  exist  in 
electron  shells  are  suddenly  filled  by  electrons  cascading  from  energy 
levels  farther  from  the  nucleus.  For  transition  of  a  particular  electron,  the 
energy  released  equals  the  difference  in  binding  energy  between  the 
original  and  final  energy  of  the  electron.  A  transition  from  the  L3  to  the 
K  shell  will  produce  a  photon.  In  a  tungsten-targeted  x-ray  tube, 
this  corresponds  to  an  energy  of  59.32  keV.  The  line,  due  to 

electrons  going  from  the  M2  to  the  K  shell  has  a  small  probability  of 
occurrence. 

Table  1  (Lederer  and  Shirley,  1978)  shows  the  energy  and  relative 
abundance  of  characteristic  transitions  in  tungsten.  Values  of  the  mass 
attenuation  coefficient  that  correspond  to  the  characteristic  energies  for 
the  common  attenuating  materials  aluminum  and  copper  also  are  shown. 
It  should  be  noted  that  the  Laplace  equation  (8)  uses  the  variable  p 
instead  of  energy. 

This  work  assumes  that  the  characteristic  x  rays  are  produced  by  pure 
tungsten-targeted  tubes.  In  practice,  some  anodes  contain  small  amounts 
of  rhenium  and  molybdenum.  However,  the  distribution  of  characteristic 
radiation  will  not  be  significantly  different  as  a  result  of  the  presence  of 
these  impurities  (Fewell  et  al,  1982). 

The  energy  required  to  dislodge  the  K-shell  electrons  in  tungsten  is  69.5 
keV.  Thus,  characteristic  radiation  begins  to  appear  in  tungsten-targeted 
tubes  only  at  potentials  above  about  70  kVp.  The  ratio  of  characteristic 
to  continuous  radiation  in  tungsten  increses  slowly  with  peak  voltage  in 
the  diagnostic  range  (Dyson,  1975). 

Assume  that  B(f)  represents  the  continuous  bremsstrahlung  component 
of  the  transmission  curve  for  spectra  with  exciting  potentials  greater  than 
70  kVp  and  C(f)  are  the  characteristic  components.  The  total 
transmission  curve  T(f)  thus  is  represented  by: 

m  =  dB(f)  +  (l-d)C(f),  (10) 

where  d  is  the  fraction  of  the  total  radiation  due  to  bremsstrahlung  when 
there  is  no  filtration  in  the  beam.  The  term  (1-d),  therefore,  represents  the 
fraction  of  characteristic  radiation  present. 

Characteristic  x  rays  are  monoenergetic  and,  as  shown  in  Equation  (3), 
their  attenuation  is  exponential.  Referring  to  Table  1  for  the  relative 
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Table  I.  Characteristic  x-ray  data  for  tungsten. 


K  x-ray 
description 

Energy 

(keV) 

Total 

fraction 

Mm 

description 

A1 

Mm(cm2/g) 

Cu 

Mm(cm2/g) 

OC2 

57.98 

0.2880 

Ml 

0.2897 

1.738 

a\ 

59.32 

0.5000 

M2 

0.2807 

1.634 

67.20 

0.1690 

M3 

0.2417 

1.175 

^2 

69.10 

0.0430 

M4 

0.2342 

1.093 

abundance  and  values  of  /Xi  corresponding  to  attenuation  material,  the 
attenuation  of  the  characteristic  components  may  be  written: 


C(f)  =  0.288  e  0.500e~^2f+  0.169e~^'3f+  0.043e“^4f  (i i) 

Ka2  Kal  X)31  K.^2  • 

Hence,  the  total  transmission  curve  with  characteristic  radiation  can  be 
mathematically  expressed  as: 

T(f)  =  dB(f)  +  (1-d)  {o.288  +  0.500e“^2f  + 

0.169  +  0.043e“''4f]  .  (12) 

The  determination  of  the  values  of  d  and  the  mathematical  form  for  B(f) 
will  be  discussed  beyond. 

Equation  (12)  is  a  physically  correct  mathematical  description  of  the 
attenuation  process.  The  significance  of  this  formulation  is  exhibited  by 
the  fact  that  the  inverse  Laplace  transform  (L~l)  of  (f),  which  represents 
the  spectrum,  will  contain  a  sum  of  6-functions  or  “spikes,”  because: 

L-l{e-Mif}  =  6(Mm-Mi).  (13) 

With  the  proper  choice  of  B(f)  these  6-functions  can  be  made  to  appear 
on  the  continuous  spectrum  at  the  appropriate  energies  and  intensities  of 
the  characteristic  radiation  components. 

Methods  and  Materials 

Choice  of  Laplace  Transform  Pair  Model 

Any  mathematical  model  T*(^),  proposed  to  represent  the  true  transmission  T(^)  should 
conform  to  certain  physical  conditions. 

1 .  The  computed  transmission  value  with  no  added  filtration  must  be  equal  to  the  actual 
transmitted  value.  For  convenience,  both  may  be  normalized  to  1: 


T*(0)  =  T(0)  =  1  . 
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2.  The  model-generated  transmission  curve  must  approach  a  straight  line  on  a  semilog 
plot  at  large  attenuator  thicknesses.  The  rational  for  this  condition  can  be  seen  by  first 
considering  the  transmission  of  monoenergetic  radiation.  Equation  (3)  can  be  rewritten: 


In  </>/ </>o  —  Mm^’ 


setting  <})/<f>o  equal  to  the  photon  transmission  T(f)  and  differentiating  with  respect  to  ^ 
yields: 


=  04) 

d? 

This  indicates  that  for  monoenergetic  radiation,  the  slope  of  the  transmission  curve,  when 
plotted  on  a  semilog  graph,  will  yield  a  straight  line.  The  slope  of  the  line  will  be  — Mm»  the 
mass  attenuation  coefficient  of  the  photons  of  energy  E. 

With  a  spectrum,  it  is  apparent  that  increasing  amounts  of  filtration  will  selectively 
remove  the  lower  energy  photons.  The  beam  will  become  increasingly  monoenergetic  as 
filtration  is  added.  If  the  maximum  energy  of  the  spectrum  Eq  has  an  associated  mass 
attenuation  coefficient  Mm^^  the  semilog  transmission  curve  will  approach  a  straight  line 
with  a  slope  of  “Mm®  Mathematically,  this  second  condition  can  be  written: 

lim  AlnT*(a  =  -M°.  (15) 

f-oo  df 

3.  T*(^)  must  decrease  as  ^  increases. 

4.  The  model  should  reproduce  the  spectral  distribution  independent  of  the  absorber 
used. 

Spectral  models,  F*(E),  proposed  to  represent  the  true  spectrum  must  generate  values 
consistent  with  the  common  characteristics  of  published  x-ray  spectra.  Baird  (1981)  has 
shown  that  a  realistic  model  that  forces  spectra  to  assume  a  preconceived  basic  shape  must 
be  chosen.  The  predominant  spectral  features  that  a  successful  model  must  reproduce  are 
given  below. 

1.  In  general,  x-ray  intensities  increase  rapidly  (with  energy)  at  low  energies  and  reach  a 
maximum  value. 

2.  Spectral  maxima  depend  upon  many  factors,  but  generally  occur  at  an  energy 
corresponding  to  one-fifth  to  one-third  of  the  maximum  photon  energy,  Eq. 

3.  Spectral  intensities  decrease  approximately  exponentially  from  the  maximum  to  zero 
at  E  =  Eq.  This  maximum  energy  is  numerically  equal  to  the  peak  kilovoltage  (kVp) 
applied  to  the  x-ray  tube. 

4.  The  number  of  photons  emitted  with  E>Eo  is  zero. 

Model  Evaluation 

Many  potential  and  several  published  models  do  not  meet  the  transmission  curve 
requirements  and  could  be  eliminated  from  consideration.  To  test  additional  model 
candidates,  an  evaluation  routine  was  developed: 

1.  Appropriate  attenuation  models  and  their  inverse  Laplace  transforms  (spectral  models) 
were  selected  (McCollum,  1965). 

2.  Values  of  the  fitted  parameters  in  each  attenuation  model  were  found  by  a  nonlinear 
least-squares  fit  (BMDP3R,  1979)  to  the  attenuation  curves  mathematically  derived  from 
the  published  70  kVp  spectral  data  of  Fewell  and  Shuping  (1977). 

3.  Parameter  values  were  applied  to  the  spectral  model  to  determine  the  predicted 
spectra. 
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4.  Predicted  spectra  with  both  aluminum  and  copper  attenuators  were  compared  to  the 
original  70  kVp  spectrum. 

Figure  1  displays  a  flow-chart  that  depicts  this  model  evaluation  routine. 

The  Laplace  pair  meeting  the  conditions  of  the  previous  section  and  best  approximating 
the  experimental  data  was  given  in  McCollum  (1968)  as: 

f(s)=  r _ ! _ 1  " 

L  (s+a)  (s+b)  J 

F(t)  =  •  e-(^)t  •  I  j,_i/  (£±-  t)  , 

^  ^  r{i>)  a-b  2 


(16) 

(17) 


where  r*  >  0,  s  >  maximum  —  a  or  —  b. 

These  equations  must  be  modified  to  conform  to  the  boundary  conditions  listed  above 
and  to  the  variables  of  Equation  (8).  In  order  to  insure  that  spectral  function,  Equation  (17) 
is  zero  for  E>Eo,  the  translation  property  of  the  Laplace  transform  can  be  used.  This 
property  states  that  if 

L-l  {F(f)}  =  f(Mm)  . 


then 


.  1  {e  - 


0  Mm  <  Mm 


Thus,  if  T(f)  =  F(f)e  Equation  (8)  may  be  rewritten: 

T(f)  =  dMm  , 

Jo 

or 

T(f)  =r"'f(^rn  -  M  d^m  ■ 

°  ‘'Mm 


Because  is  a  monotonically  decreasing  function  with  E,  the  maximum  energy  Eq, 
corresponds  to  the  minimum  value  of  the  mass  attenuation  coefficient,  The  fact  that 
F(E)  =  0  for  E>Erri,  corresponds  to  the  zero  values  of  the  spectrum  for  0<Mm  Thus, 
the  first  integral  is  zero  and 

/•OO 

T(f)  =  j  d^m  ( '  8) 


becomes  the  form  of  the  Laplace  equation.  After  the  proper  normalization  factors  are 
added,  the  Laplace  pair  becomes: 


T*(^)  = 


r — — 1 

L  (f+a)  (^+b)  J 


exp(-M  °^) 


(19a) 


p»(E)  =  7T'/2(abK  r  (a+b) 

r(K) 


a— b 


[■ 


1  i.-'/2  (Mm-M^) 


]  (-^) 


(19b) 
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1  Use  published  70kVp  spec¬ 
trum  and  compute  the  at¬ 
tenuation  curves  that  would 
result  from  aluminum  and 
copper  absorbers. 


2.  Choose  a  Laplace 
Transform  Pair  Model 
T-(|),  F*IE). 

3.  Perform  least-squares 
analysis  to  obtain  values  of 
model’s  parameters. 


4.  Reconstruct  spectrum  using 
inverse  transform. 

5.  Compare  with  published 
TOkVp  spectrum  to 
evaluate  the  model. 


Figure  1.  Flow  chart  depicting  the  sequence  of  steps  used  to  evaluate  Laplace  pair  models. 


where  the  parameters  a,  b  and  v  are  fitted  parameters  and  have  positive  real  values.  In 
order  to  assure  that  F*(Eo)  approaches  0,  u  must  assume  values  greater  than  0.5.  The 
fourth  parameter,  is  assigned  a  fixed  value  corresponding  to  the  maximum  energy  of  the 
spectrum.  T  (u)  is  the  gamma  function  and  I  is  a  modified  Bessel  function  of  the  form 

Ip(t)=  1  - ! -  (20) 

^  k=0  k!  r(p-l-k-l-I)  2 

where  p  and  q  are  dummy  arguments  representing  p-'/2  and  '/2  [(a-b)  (Mm-)^)], 
respectively.  The  spectrum  is  converted  to  a  function  of  energy  by  incorporating  the  factor 
(— d/Um/dE)  from  Equation  (9). 

Figure  2  shows  the  fit  of  the  attenuation  model,  Equation  (19a),  to  70  kVp  attenuation 
curves  for  copper  and  aluminum.  The  model  approximates  both  attenuation  curves  with 
high  fidelity.  No  computed  value  differed  by  more  than  0.5  percent  from  the  actual  value. 
The  reconstructed  70  kVp  spectrum  of  Equation  (19b)  is  compared  to  the  actual  spectrum 
in  Figure  3.  The  agreement  of  the  experimental  values  and  the  values  of  F*(E)  for 
aluminum  and  copper  indicates  that  the  model’s  predictions  are  accurate  with  either 
absorber — as  required  by  the  fourth  condition  listed  above.  As  shown  from  the  dashed 
attenuation  curve  in  Figure  2  and  the  resultant  reconstructed  spectra  (open  circles)  in  Figure 
3,  the  model  is  relatively  insensitive  to  poor  attenuation  data.  Such  poor  data  might  result 
from  any  combination  of  the  following:  1)  lack  of  “good”  geometry;  2)  use  of  a  chamber 
whose  response  is  energy  dependent;  3)  filter  materials  with  significant  impurities. 

The  method  described  here  provides  an  excellent  test  of  Laplace  pair  candidates.  Figure  3 
compares  the  actual  70  kVp  bremsstrahlung  spectra  with  those  calculated  from  the  model  of 
Equation  (19)  and  two  other  published  models.  As  Huang  et  al.  (1983)  has  shown,  Jones’ 
method  (1940)  poorly  estimates  the  attenuation  curve  at  larger  attenuator  thicknesses.  This 
results  in  an  inaccurate  representation  of  the  spectrum.  The  model  of  Huang  et  al.  (1983), 
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^(g/cm*) 

Figure  2.  Attenuation  curves  for  copper  (Cu)  and  aluminum  (Al)  filters  computed  from  the 
70  kVp  data  of  Fewell  and  Shaping  (1977).  The  plotted  points  represent  the  fit  obtained 
with  the  Laplace  model  presented  in  Equation  (19a).  The  dashed  curve  represents  a 
hypothetically  poor  measurement  of  the  attenuation  using  aluminum  filtration  to 
demonstrate  the  sensitivity  of  the  model  to  poor  data. 

developed  from  data  obtained  from  a  4  MeV  linear  accelerator,  is  likewise  unsuccessful  at 
reproducing  the  70  kVp  experimental  spectrum.  The  model  presented  here  takes  specifically 
into  account  the  physical  characteristics  of  any  bremsstrahlung  spectra  having  no 
characteristic  radiation  and  provides  an  excellent  approximation  to  the  experimental  data. 
Furthermore,  the  flexibility  provided  by  the  four  parameters  permits  accurate  spectral 
reconstruction  over  a  wide  range  of  tube  potentials,  beam  filtrations  and  attenuator 
materials. 

Inclusion  of  Characteristic  Radiation  in  the  Laplace  Model 

The  general  form  of  the  x-ray  transmission  model  was  presented  in  Equation  (12). 
Incorporating  the  new  variable  (/irn  ~Mrn)’  derived  in  equation  (18)  and  the  result  of 
Equation  (12),  the  Laplace  pair  model  including  characteristic  radiation  can  be  written: 
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Figure  3.  Experimental  data  and  model  reconstruction  for  70  kVp  bremsstrahlung 
spectrum.  The  experimental  data  (solid  line)  is  from  Fewell  and  Shuping  (1977).  The 
solid  points  represent  the  fit  of  the  model.  Open  circles  represent  the  predicted  spectrum 
produced  by  simulated  poor  attenuation  data.  The  model  predictions  of  Huang  and 
Jones  also  are  shown. 


T*(^)  =  d 


ab 


(^  +a)  (f  +  b) 


u  _ 
e 


+  (l-d)[0.288e“Mlf  +  0.50e“M2f  +  O.I7e“M3i  +  0.043e“f‘4f] 

P.,E)  =  1  "-'/^exp  -f  , 

r(j7)  ■-  a-b  '-I  “■ 


•1,.,/,  ['/:(a-b)  (Mm-M  O)]  . 

at 

+  (1-d)  {o.288  5(Mm“Ml)  +  0.50  6(Mm-M2) 
+  0.17  6(Mm-M3)  +  0.043  6(Mm-M4)  |  . 


(21a) 


(21b) 


Computer  generation  of  d  (the  fraction  of  total  radiation  due  to  bremsstrahlung  only)  by 
least  squares  fit  of  Equation  (21a)  to  the  transmission  data  proved  to  be  unsatisfactory.  The 
fitted  values  of  d  were  found  to  be  sensitive  to  the  number  and  accuracy  of  transmission 
data  points  at  small  attenuator  thicknesses.  Because  it  is  difficult  and  expensive  to  obtain 
exceedingly  thin  metal  sheets  precisely  milled  to  uniform  thicknesses,  an  empirical  method 
to  determine  d  is  necessary. 

The  characteristic  radiation  in  an  x-ray  beam  has  been  examined  by  many  workers 
(Hettinger  and  Starfelt,  1957;  Tothill,  1968;  Storm  et  al.,  1971;  Dyson,  1975).  All  have 
shown  that  the  ratio  of  K-characteristic  to  total  radiation  is  a  function  of  kVp  and  added 
filtration.  However,  these  studies  generally  are  limited  to  particular  values  of  filtration  and 
tube  potentials.  Green  and  Gosslett  (1968)  developed  an  empirical  relationship  to  estimate 
the  intensity  of  characteristic  radiation.  However,  this  work  appears  unsuccessful  in 
predicting  the  ratios  of  higher  kVp’s  and  filtration. 
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Tube  Voltage  (kVp) 

Figure  4.  The  number  of  tungsten  K-photons  per  total  number  of  photons  versus  tube 
voltage  from  the  work  of  three  researchers.  Each  data  point  of  Fewell  et  al.  (1982) 
represents  the  average  value  from  four  different  x-ray  tubes. 


Fewell  et  al.  (1982)  published  a  catalog  of  diagnostic  spectra  from  four  conventional  x- 
ray  tubes  operated  at  potentials  of  from  70  to  140  kVp.  The  inherent  and  added  filtration, 
HVL  and  ratio  of  K-characteristic  to  the  total  number  of  photons  are  given  for  each 
spectrum.  Figure  4  shows  that  the  ratios  determined  by  Fewell  generally  agree  with  those  of 
Storm  and  Hettinger  for  a  beam  with  four  millimeter  added  filtration.  Figure  5  is  a  plot  of 
Fewell’s  tabulated  data  (converted  to  an  exposure  ratio)  as  a  function  of  the  total  filtration 
in  the  beam.  These  curves  provide  a  general  a  priori  method  of  determining  (1-d),  the  ratio 
of  K-photon  exposure  to  the  total  exposure. 


Results  and  Discussion 

Comparison  of Theoretical”  Reconstructed  Spectra  with  Published 
Values 

“Theoretical”  reconstructed  spectra  are  computed  from  theoretical 
attenuation  curves  directly  determined  from  published  spectral  data. 
These  attenuation  curves  are  free  from  the  experimental  inaccuracies 
inherent  in  non-ideal  geometry,  detectors,  and  attenuating  materials. 
They  allow  separation  of  “model”  error  from  experimental  error  and 
provide  an  unbiased  estimate  of  the  model’s  reconstruction  accuracy 
because  the  measured  spectrum  is  known  a  priori.  The  reliability  of  the 
model  was  examined  under  two  conditions  with  theoretical  attenuation 
data. 

Diagnostic  bremsstrahlung  spectra  without  characteristic  radiation. — 
Figure  6  compares  the  published  45,  55,  65,  and  80  kVp  spectra  of  Fewell 
and  Shuping  (1977)  with  the  reconstructed  values  (Archer  and  Wagner, 
1982).  The  agreement  with  the  70  kVp  spectrum  was  shown  in  Figure  3. 
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Total  Filtration  (mm  Al.) 

Figure  5.  The  ratio  of  exposure  of  K  photons  to  the  total  exposure  as  a  function  of  total 
aluminum  filtration.  The  curves  were  produced  by  converting  the  average  ratio  of  K- 
photons  to  the  total  number  of  photons  determined  by  Fewell  et  al,  (1982)  to  an 
exposure  ratio. 


These  results  demonstrate  that  under  ideal  measurement  of  attenuation 
curve  data,  the  model  accurately  reproduces  diagnostic  bremsstrahlung 
spectra.  Excellent  agreement  is  shown  in  each  case.  Table  2  presents  the 
parameter  values  determined  from  the  nonlinear  least  squares  fit  of  the 
attenuation  model  to  the  theoretical  attenuation  curves.  The  last  column 
tabulates  the  residual  sum  of  squares  (SSQ)  for  the  nonlinear  least 
squares  fit  to  the  attenuation  data: 

SSQ  =  2  (O(f)i  -  Tn0i)2  , 

1 
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Figure  6.  Comparison  of  experimental  spectral  values  (Fewell  and  Shuping,  1977)  with 
predicted  values  of  the  model  (plotted  points)  for  45,  55,  65,  and  80  kVp  using 
aluminum  attenuators. 


where  0(f)i  is  the  observed  transmission  value  for  attenuator 
thickness  and  T*(f)  is  the  computed  transmission  value  using  Equation 
(21a).  In  Table  2,  all  values  of  SSQ  are  less  than  indicating 

excellent  agreement.  The  greatest  difference  between  observed  and 
calculated  transmission  values  was  0.0012,  which  occurred  in  the  65  kVp 
curve. 

All  spectral  values  in  this  and  following  sections,  published  as  photon 
fluence  per  energy  interval,  were  converted  to  normalized  exposure  per 
energy  interval.  The  ordinate  values  of  each  spectral  plot  are  given  in 
mR/ energy  interval. 

In  Figure  6,  characteristic  radiation  is  observed  only  in  the  80  kVp 
exposure  spectrum,  and  only  with  extremely  low  intensity.  The  value  of  d 
in  Equation  (21)  was  equal  to  1.0  in  the  calculation  of  each  of  these 
spectra  with  energy  lower  than  80  kVp,  indicating  100  percent 

J 

Table  2.  Parameter  values  used  to  reconstruct  bremsstrahlung  spectra  shown  in  Figure  6. 

These  values  give  the  best  fit  to  a  theoretically  derived  aluminum  attenuation  curve. 


kVp 

V 

a 

b 

d 

0 

Mm 

SSQ 

45 

0.98314 

2.8749 

0.22652 

1.000 

0.450 

0.2X10“6 

55 

1.01460 

6.5534 

0.40364 

1.000 

0.320 

0.3X10“6 

65 

0.97802 

8.3249 

0.56462 

1.000 

0.252 

0.6X10-6 

80 

0.71692 

5.2495 

0.99986 

0.994 

0.203 

O.lXlO-6 
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Figure  7.  Comparison  of  experimental  spectral  values  (Fewell  et  al.,  1982)  with  predicted 
values  of  the  model  (plotted  points)  for  120  kVp  with  a  GE  tube  using  aluminum 
attenuators. 

bremsstrahlung  radiation.  For  80  kVp,  the  value  of  d,  determined  from 
Fig.  5  to  be  0.994,  was  only  slightly  lower.  The  observed  and  predicted 
attenuation  values  for  each  of  these  curves  in  the  following  section  are 
nearly  identical  and  thus  are  not  shown. 

Diagnostic  bremsstrahlung  and  characteristic  spectra. — Figures  7 
through  1 1  present  examples  of  diagnostic  spectra  in  which  characteristic 
radiation  is  present.  These  plots  compare  the  experimentally  measured 
spectra  of  Fewell  et  al.  (1982)  for  General  Electric  and  Eimac  x-ray  tubes 
with  those  reconstructed  with  the  model.  Generally,  good  agreement  is 
found.  The  characteristic  peaks  differ  slightly  in  intensities  due  to  the 
difference  in  energy  bin  assignments  used  by  Fewell. 

Least-square  approximations  to  the  120  and  140  kVp  attenuation  data 
from  both  tubes  resulted  in  values  of  v  less  than  0.5.  Such  values  of  v 
cause  a  nonphysical  singularity  to  occur  in  the  spectral  model  when 
E~Emax-  This  problem  is  solved  by  making  v  greater  than  0.5  using  the 
“added  filtration”  technique  described  elsewhere  (Archer  et  al.,  1985). 

The  fit  of  the  attenuation  model,  T*(f),  to  the  computed  attenuation 
curves  improve  as  filtration  is  added  and  the  attenuation  curves  become 
straighter.  Excellent  agreement  is  shown  in  the  120  kVp  spectra  that 
required  1.0  gram  per  square  centimeter  of  aluminum  added  filtration  to 
make  greater  than  0.5.  However,  diminished  agreement  was  found  in  the 
140  kVp  spectra.  This  appears  to  be  due  to  the  large  amount  of 
aluminum  filtration  (2.0  grams  per  square  centimeter)  required  to 
increase  v  to  an  acceptable  level.  This  quantity  of  filtration  attenuates 
much  of  the  lower  energy  portion  of  the  beam  and  affects  the 
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Figure  8.  Comparison  of  experimental  spectral  values  (Fewell  et  al.,  1982)  with  predicted 
values  of  the  model  (plotted  points)  for  120  kVp  with  an  Eimac  tube  using  aluminum 
attenuators. 


reconstruction  near  the  peak  exposure  values.  The  additional  disagree¬ 
ment  that  occurs  beyond  the  peak  is  a  result  of  the  K-edge 
discontinuity  which  was  not  considered  in  the  model. 

In  general,  the  good  agreement  of  the  reconstructed  spectra  derived 
from  ideal  attenuation  curves  validates  the  reconstructive  accuracy  of  the 
model  for  the  full  range  of  diagnostic  x-ray  spectra. 


Figure  9.  Comparison  of  experimental  spectral  values  (Fewell  et  al.,  1982)  with  predicted 
values  of  the  model  (plotted  points)  for  140  kVp  with  a  GE  tube  using  aluminum 
attenuators. 
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Figure  10.  Comparison  of  experimental  spectral  values  (Fewell  et  al.,  1982)  with  predicted 
values  of  the  model  (plotted  points)  for  140  kVp  with  an  Eimac  tube  using  aluminum 
attenuators. 

Comparison  of  experimental  spectra  of  Fewell  with  spectra  recon¬ 
structed  from  experimental  attenuation  data  1100  aluminum. — The  data 
used  in  this  section  was  obtained  in  association  with  T.  R.  Fewell  at  the 
Center  for  Devices  and  Radiological  Health  (CDRH).  Attenuation  curves 
from  several  machines  at  various  kVp’s  were  acquired  for  a  blind  study 
to  evaluate  the  reconstructive  capability  of  the  model  under  experimental 


Figure  11.  Comparison  of  experimental  spectral  values  (Fewell  et  al.,  1982)  with  predicted 
values  of  the  model  (plotted  points)  for  50  kVp  with  a  beryllium  window  tube  and  no 
added  filtration.  The  experimental  attenuation  curve  was  determined  with  1100 
aluminum  filters. 
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conditions.  X-ray  spectra  were  determined  using  the  CDRH  spectrometer 
and  the  corresponding  attenuation  curves  were  measured. 

The  initial  computer  generated  fit  to  the  50  kVp  aluminum  attenuation 
curve  was  not  good  (SSQ  =  0.16  X  10“3)  and  the  resulting  spectrum 
showed  poor  agreement  with  measured  values.  Inasmuch  as  the  x-ray 
tube  used  in  the  measurements  had  a  beryllium  window  that  produced 
extraordinarily  soft  spectra,  0.25  mm  aluminum  filtration  was  added  to 
the  beam.  This  change  only  slightly  improved  the  spectral  results.  The  70 
kVp  spectral  agreement  was  also  poor. 

A  study  was  undertaken  to  determine  the  cause  of  this  disagreement.  It 
was  found  that  the  attenuation  curve  computed  from  Fewell’s  measured 
spectra  did  not  agree  with  his  experimentally  determined  curves.  The 
computed  attenuation  values  were  consistently  larger  than  the  measured 
values.  An  analysis  indicated  a  problem  with  the  1100  aluminum 
filtration  used  to  measure  the  attenuation  data.  The  Metals  Handbook 
(8th  ed.,  vol.  1,  Properties  and  selection  of  metals,  p.  917)  indicates  that 
1100  aluminum  is  an  alloy  required  to  contain  only  99  percent  aluminum. 
Various  other  elements  may  be  present  in  the  following  maximum 
percentage  amounts:  iron  and  silicon  (1.0),  copper  (0.20),  manganese 
(0.05)  and  zinc  (0.10).  Of  these,  only  silicon  (Z  =  14)  has  an  atomic 
number  similar  to  that  of  aluminum  (Z  =  13).  Iron  (Z  =  26),  copper  (Z 
=  29),  manganese  (Z  =  25),  and  zinc  (Z  =  30)  are  quite  different  from 
aluminum  in  diagnostic  spectral  attenuation.  A  correction  procedure, 
developed  to  approximate  the  effect  of  these  impurities,  helped  reconcile 
the  computed  and  measured  attenuation  values  of  Fewell  and  improved 
the  agreement  of  the  reconstructed  and  measured  spectra. 

Figures  11-13  compare  the  experimental  spectra  measured  by  Fewell 
with  the  Laplace  reconstructed  spectra  using  attenuation  data  corrected 
for  the  iron  impurity  in  1100  aluminum.  The  agreement  is  good, 
considering  that  the  correction  is  a  rough  estimate  only.  The  exact 
amount  and  identity  of  impurities  in  the  aluminum  used  is  unknown. 

The  important  conclusion  here  is  that  a  small  amount  of  unknown 
impurity  in  the  attenuation  material  can  significantly  degrade  the 
reconstructed  spectrum.  If  the  filter  impurities  are  quantitatively  known, 
the  spectrum  can  be  accurately  determined  by  appropriately  altering  /jl^ 
and  /xm.  However,  because  the  exact  composition  of  most  alloys  is  not 
known,  pure  attenuation  materials  are  recommended  for  determining 
attenuation  data  used  for  spectral  reconstruction. 

Pure  aluminum. — To  eliminate  the  need  to  correct  for  attenuator 
impurities,  99.999  percent  pure  aluminum  filters  were  obtained.  Attenua¬ 
tion  curves  at  60,  80,  100  and  120  kVp  filters  were  determined  using  these 
filters  and  the  constant  potential  x-ray  equipment  at  the  CDRH 
calibration  facility.  The  experimental  spectra  also  were  measured  at  each 
of  these  kVp’s. 
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Figure  12.  Comparison  of  experimental  spectral  values  (Fewell  et  al.,  1982)  with  predicted 
values  of  the  model  (plotted  points)  for  50  kVp  with  a  beryllium  window  tube  and  0.25 
mm  aluminum  filtration  added.  The  experimental  attenuation  curve  was  determined  with 
1100  aluminum  filters. 


The  attenuation  curves  were  obtained  from  the  CDRH  and  the  Laplace 
transform  spectra  were  generated.  Figures  14-17  exhibit  the  agreement  of 
the  reconstructed  spectra  with  those  measured  at  the  CDRH.  The 
measured  photon  fluence  spectra  were  converted  to  exposure  spectra 
using  previously  described  methodology  (Archer  and  Wagner,  1982). 


Figure  13.  Comparison  of  experimental  spectral  values  (Fewell  et  al.,  1982)  with  predicted 
values  of  the  model  (plotted  points)  for  70  kVp  with  a  beryllium  window  tube.  The 
experimental  attenuation  curve  was  determined  with  1 100  aluminum  filters. 
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Figure  14.  Comparison  of  the  calculated  60  kVp  spectrum  reconstructed  from  transmission 
data  measured  with  pure  aluminum  (plotted  points)  and  the  measured  60  kVp  spectrum. 

Although  each  of  the  reconstructed  spectra  show  good  agreement  with 
the  measured  experimental  values  (Figures  14-17),  there  is  a  perceptible 
disagreement  in  three  regions. 

1.  Low  energy  region. — in  the  60,  80  and  100  kVp  spectra,  the  CDRH 
exposure  values  are  lower  than  the  reconstructed  values  in  the  low  energy 
portion  of  the  spectrum.  To  trace  the  source  of  this  disagreement,  the 
attenuation  curves  computed  from  the  CDRH  experimental  spectra  were 


Figure  15.  Comparison  of  the  calculated  80  kVp  spectrum  reconstructed  from  transmission 
data  measured  with  pure  aluminum  (plotted  points)  and  the  measured  80  kVp  spectrum. 
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Figure  16.  Comparison  of  the  calculated  100  kVp  spectrum  reconstructed  from 
transmission  data  measured  with  pure  aluminum  (plotted  points)  and  the  measured  100 
kVp  spectrum. 


compared  with  the  measured  CDRH  attenuation  values.  A  slight 
disagreement  was  found.  The  average  measured  attenuation  value  was  1.6 
percent  greater  than  the  corresponding  value  computed  from  the  CDRH 
spectrum.  This  indicates  that  the  CDRH  measured  spectra  are  slightly 
softer  than  the  spectra  represented  by  the  attenuation  data.  The 


(in  Parameter  Values 

Computed  Spectrum  ^=.59401  b=i5.oei 

a=.84S5S  <1=5.62 
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Energy  (keV)  _ 

Figure  17.  Comparison  of  the  calculated  120  kVp  spectrum  reconstructed  from 
transmission  data  measured  with  pure  aluminum  (plotted  points)  and  the  measured  120 
kVp  spectrum. 
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attenuation  curves  calculated  from  the  Laplace  model  spectra  show  a 
general  agreement  of  better  than  one  percent  to  the  experimental  CDRH 
attenuation  curves. 

2.  Characteristic  radiation  region. — As  discussed  above,  characteristic 
lines  in  the  model  are  determined  from  knowledge  of  the  relative 
abundance  of  each  K  transition  and  an  a  priori  method  of  finding  the 
percent  of  characteristic  exposure  in  each  beam.  Table  1  shows  that  the 
Kq;|  transition  in  the  60  keV  interval  should  have  a  higher  intensity  than 
the  58  keV  Kq,2  transition.  According  to  Fewell,  limitations  in  energy 
resolution  of  the  CDRH  detector  caused  the  peak  at  58  keV  to  be  larger 
than  the  Kq-j  peak  in  his  spectra. 

3.  High  energy  region. — The  calculated  spectral  exposure  values  near 
the  maximum  energy  in  each  spectrum  are  larger  than  the  experimental 
exposure  values.  This  is  due  to  an  inherent  problem  with  the  Laplace 
model  that  occurs  when  the  value  of  the  fitted  parameter  v  is  less  than 
0.7.  Such  volumes  of  v  result  in  a  distortion  of  the  reconstructed  spectra 
near  Emax  in  the  spectral  function.  A  modified  technique  to  improve  the 
reliability  of  the  model  when  u  is  in  this  range  has  been  discussed 
previously  (Archer  and  Wagner,  1982).  This  method  was  used  on  the  100 
and  120  kVp  spectra. 


Conclusions 

We  have  demonstrated  a  Laplace  transform  pair  model  that  accurately 
reconstructs  diagnostic  x-ray  spectra  from  experimentally  measured 
attenuation  data.  This  is  shown  by  the  good  agreement  of  experimental 
and  reconstructed  spectra  obtained  with  corrected  1100  and  pure 
aluminum  filtration.  As  discussed  above,  because  the  exact  composition 
of  alloys  are  not  usually  known,  pure  attenuation  materials  are 
recommended  for  Laplace  reconstruction. 

The  nomogram  developed  to  determine  the  percent  of  characteristic 
radiation  in  the  spectrum  successfully  predicts  the  value  of  “d”  based  on 
the  general  agreement  of  characteristic  peaks  in  the  experimental  and 
reconstructed  spectra. 

The  Laplace  Reconstruction  Method  allows  the  medical  physicist  to 
use  readily  available  materials — an  ionization  chamber  and  filter 
materials — to  quickly  and  inexpensively  determine  the  x-ray  spectra  from 
diagnostic  x-ray  equipment. 
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Abstract. — A  description  of  the  more  common  ionization  chambers,  triaxial  cables  and 
electrometers/ dosimeters  used  in  radiation  therapy  is  presented.  In  addition  to  comparing 
important  features  and  characteristics,  typical  problems  encountered,  acceptance  testing 
procedures,  and  quality  assurance  techniques  are  given.  The  information  and  data  presented 
should  prove  useful  to  anyone  planning  to  purchase  such  equipment.  It  should  also  assist 
users  in  maintaining  their  instrumentation  and  in  making  accurate  dosimetric  measure¬ 
ments.  Key  words:  ionization  chambers;  electrometers;  radiation  measurement;  dosimetry. 

As  indicated  in  Table  1,  there  are  several  types  of  dosimeters.  Each  has 
proven  useful  in  certain  applications,  and  the  practicing  medical  physicist 
should  know  when  to  use  each  to  achieve  the  desired  result  in  the  most 
convenient  manner.  The  comments  here  will  be  limited  to  cable- 
connected  ionic  dosimeters  that  are  the  accepted  standard  for  radiation 
dosimetry  calibrations. 

The  ionic  dosimeter  often  is  treated  and  thought  of  as  a  single, 
integrated  instrument,  but  it  should  be  thought  of  as  consisting  of  several 
distinct  components.  To  best  understand  and  use  an  ionic  dosimeter,  one 
should  understand  the  function  and  characteristics  of  each  component. 
Although  there  are  certainly  exceptions,  the  typical  ionic  dosimeter 
consists  of  an  ionization  chamber,  a  connecting  cable,  an  electrometer, 
and  a  readout  device.  Each  component  will  be  discussed  in  terms  of  the 
basic  principles  of  operation,  desired  versus  typical  characteristics,  and 
quality  assurance  checks.  I  have  chosen  to  concentrate  on  practical 
aspects  for  the  most  part  because  there  are  numerous  texts  and  articles 
dealing  with  the  elaborate  theoretical  aspects  of  such  things  as  Bragg- 
Gray  cavity  theory  (Attix  and  Roesch,  1966),  and  the  electronic  theory  of 
operational  amplifiers  (Loevinger,  1966)  and  analog-to-digital  conversion. 

Cavity  Ionization  Chambers 

The  elements  of  a  cavity  ionization  chamber  are  illustrated  by  the 
cross-sectional  drawing  of  the  Nuclear  Enterprises,  Ltd.  (NEL)  Farmer 
chamber  (Aird  and  Farmer,  1972)  Model  2505/ 3 A  shown  in  Figure  1. 
The  essential  elements  are  the  cavity  wall,  collecting  electrode,  guard,  and 
the  insulators  isolating  them. 

In  the  past,  ion  chambers  intended  for  therapy  calibrations  were 
designed  and  constructed  in  a  manner  designed  to  yield  a  reasonably  flat 
energy  response  in  the  orthovoltage  region  (2mmAl-4mmCu)  to  allow  the 
chamber  to  be  used  for  both  high  and  medium  energy  calibrations  and  to 
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Table  1.  Principal  types  of  dosimeters. 


Ionization  chamber  with  electrometer  (ionic) 
Diode  detector  with  electrometer 
Photographic  emulsion  (film) 
Thermoluminescent 
Calorimetric 

Chemical  (for  example,  Fricke) 


take  into  account  the  fact  that  a  significant  fraction  of  the  scattered 
radiation  detected  at  depth  in  a  phantom  is  lower  energy  than  the  higher 
energy  primary.  In  order  to  accomplish  this,  manufacturers  generally 
included  materials  of  different  effective  Z  to  balance  an  increased  wall 
attenuation  with  an  increase  in  photoelectric  effect.  However,  the 
accurate  calculation  of  dose  in  a  phantom  due  to  high  energy  radiation  is 
easiest  when  the  ion  chamber  and  phantom  are  made  of  a  single  material. 
Consequently,  in  the  future  one  can  expect  to  see  homogeneous  ion 
chambers  used  more  than  at  present.  These  and  other  desired 
characteristics  are  listed  in  Table  2. 

In  practice,  one  finds  that  the  commercially  available  ion  chambers  are 
somewhat  less  than  desirable  in  every  respect;  therefore,  a  careful  review 
of  specifications  prior  to  purchase  and  acceptance  testing  after  purchase 
are  required.  A  recommended  list  of  acceptance  tests  is  given  in  Table  3, 
and  brief  comments  about  some  of  them  follow  (Suzuki  and  Suzuki, 
1971). 

Good  radiographs  of  a  typical  ion  chamber  (without  buildup  cap)  can 
be  obtained  with  the  following  technique:  60kVp,  100mA,  small  focus, 
0.018s,  40-inch  source-chamber  distance,  and  “detail”  film-screen  combi¬ 
nation.  Things  to  look  for  are  length  of  central  electrode,  uniform 
spacing  between  electrodes,  and  presence  of  high  Z  material. 

Excellent  ion  chambers  will  reach  a  leakage  level  of  less  than  five  times 
10~14a  within  a  couple  of  minutes  after  application  of  300-350V 
polarizing  potential,  and  will  be  near  10“ ^4^  within  five  minutes.  The 
same  should  hold  true  on  switching  polarity  and  following  irradiation. 
Ion  chambers  that  cannot  achieve  10“13a  leakage  within  a  reasonable 
time  should  be  repaired  or  replaced. 


Figure  1.  NEL  Farmer  Chamber  Model  2505/ 3 A. 
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Table  2.  Desired  ion  chamber  characteristics. 


Homogeneous  and  rugged  construction,  with  a  nonadjustable  cavity  volume 
Negligible  perturbation  of  the  radiation  beam  and  phantom 

Sensitivity  that  is  independent  of  energy,  dose  rate,  polarity  of  collection  potential, 
orientation  and  size  of  radiation  field,  and  time 
Negligible  preirradiation  and  postirradiation  leakage 


The  amount  of  stem  effect  is  primarily  dependent  upon  the  amount  of 
guarding  and  the  quality  of  the  insulators.  For  example,  fully  guarded 
chambers  have  almost  immeasurable  stem  effect  for  radiation  less  than 
20MeV.  However,  even  fully  guarded  chambers  should  be  checked  to  be 
sure  there  is  no  break  in  the  guard. 

A  good  ion  chamber  that  is  used  once  per  week  should  yield 
reproducible  signals  within  one  or  two  exposures  of  say  200  rad  each.  In 
other  words,  the  first  reading  or  two  may  have  to  be  thrown  away  each 
time  a  series  of  measurements  is  begun.  This  also  may  be  true  for  a 
significant  change  in  polarizing  potential  or  energy  of  irradiation. 

Do  not  ever  assume  atmospheric  communication  or  the  lack  of  it.  Of 
course,  one  can  check  this  by  artifically  altering  the  temperature  or 
pressure,  but  one  can  also  simply  make  accurate  measurements  on  two 
different  days  when  the  temperature-pressure  correction  has  changed  by 
one  percent  or  more.  Possibly  the  best  technique  is  to  irradiate  the 
chamber  immediately  after  placing  it  in  a  phantom  of  significantly  (say 
6°C)  different  temperature  and  observe  the  appropriate  change  in 
sensitivity.  Beware  of  too  great  a  temperature  change  because  of 
condensation  and  possible  cracking  of  dag  (graphite  coating). 

You  have  no  guarantee  that  your  chamber’s  energy  dependence  will 
conform  to  that  listed  by  the  manufacturer  as  typical.  It  is  recommended 
that  you  determine,  at  least  to  within  two  to  three  percent,  the  energy 
dependence  of  your  ion  chamber  prior  to  obtaining  AAPM  Accredited 
Dosimetry  Calibration  Laboratory  (ADCL)  or  NBS  calibrations.  If  the 
chamber  had  a  large  energy  dependence  you  probably  would  want  to 


Table  3.  Ion  chamber  acceptance  tests. 


Perpendicular  radiographs 

Leakage;  equilibration  time  and  magnitude  for  pre-/ postirradiation 
Stem  effect 

Microphonics:  chamber /  cable /  connectors 

Radiation  equilibration  time 

Atmospheric  communication 

Energy  response 

Polarity  effects 

Collection  efficiency 

Orientation  dependence 
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return  it,  and  this  should  be  done  prior  to  investing  a  significant  amount 
of  money  in  calibration.  In  several  cases,  NEL  Farmer  chambers  having 
nylon  thimbles  with  dag  coating  were  found  to  have  15-20  percent 
orthovoltage  energy  dependence.  This  was  caused  by  high  Z  impurities  in 
the  dag.  Also,  an  NEL  graphite  chamber  acquired  a  similar  high  energy 
dependence  upon  replacing  a  broken  thimble.  This  was  caused  by  minute 
traces  of  a  high  Z  powder,  which  had  apparently  been  deposited  on  the 
inside  of  the  replacement  thimble  while  it  was  being  machined.  In 
addition,  numerous  cases  of  high  energy  dependence  have  been  caused  by 
using  rubber  sheaths  to  waterproof  a  chamber  (Hanson  et  al.,  1987).  All 
such  devices  are  coated  internally  with  a  talcum-like  powder  that  finds  its 
way  into  the  air  cavity.  Because  the  effective  Z  of  talcum  is 
approximately  15,  it  takes  little  powder  to  alter  the  energy  dependence 
significantly.  The  powder’s  presence  does  not  cause  a  detectable  change  in 
the  chamber’s  “leakage”  or  in-air  cobalt-60  sensitivity. 

Polarity  effects  and  collection  efficiency  are  primarily  determined  by 
electrode  geometry,  but  such  things  as  a  poor  quality  insulator  can  cause 
any  given  chamber  to  behave  atypically.  Also,  these  phenomena  are  a 
function  of  the  type,  energy,  and  rate  of  radiation.  Therefore,  each 
chamber  should  be  investigated  in  this  regard  over  the  range  of  intended 
use. 

The  Farmer-Type  Ion  Chambers 

Since  the  introduction  of  the  original  Farmer  chamber  (Farmer,  1955) 
by  F.  T.  Farmer,  it  has  gained  wide  acceptance  in  the  United  States.  This 
is  evidenced  by  the  fact  that  approximately  75  percent  of  the  chambers 
calibrated  for  radiation  therapy  during  the  past  few  years  by  the  ADCLs 
were  of  this  type.  A  list  of  the  more  common  chambers  is  shown  in  Table 
4.  A  more  complete  list  with  additional  information  has  been  published 
by  Gastorf  et  al.  (1986). 

Note  that  despite  the  variety  of  materials  used,  no  chamber  differs 
from  the  average  value  more  than  0.9  percent.  It  should  be  pointed  out 
that  the  wall  values  (grams  per  square  centimeter)  for  the  NEL  2505/ 3B 
and  PTW  Farmer-type  chambers  were  determined  (Gastorf  et  al.,  1986) 
by  assuming  the  entire  wall  to  be  nylon  or  acrylic,  respectively.  In  the 
NEL  case,  this  is  justified  by  the  fact  that  many  of  the  thimbles  have  a 
thin  dag  coating  with  no  uniformity  in  dag  thickness.  However,  in  PTW 
chambers  the  dag  coating  is  a  remarkably  uniform  0.15  mm,  which  is  one 
third  the  wall.  This  could  conceivably  be  significant;  but  it  would  be  a 
mistake  to  use  the  values  of  the  mean  restricted  collision  mass  stopping 
power  and  mean  mass  energy  absorption  coefficient  for  solid  graphite, 
because  precise  measurement  of  the  density  of  the  dag  coating  on  PTW 
thimbles  (personal  observation,  1983)  yields  1.25  +0.01  grams  per  cubic 


INSTRUMENTATION  FOR  RADIATION  MEASUREMENT 


179 


Table  4.  Common  Farmer-type  ion  chambers  (Gastorf  et  al.,  1986) 


Chamber 

Wall  mat’l 
(g/cm^) 

Buildup  mat’l 
(g/cm^) 

^wall 

a 

Typical  Nx 
(R/nC),  ±2% 

Ngas/NxAion 

(Gy/R)X10^ 

Capintec 

PR-06C,PR-06G 

AE  plastic 
0.050 

polystyrene 

0.539 

0.991 

0.46 

4.93, 

5.17 

8.51 

NEL  2505/3B 

Nylon/dag 

0.041 

acrylic 

0.551 

0.990 

0.40 

4.92 

8.42 

NEL  2505/3A 

graphite 

0.065 

acrylic 

0.551 

0.990 

0.54 

4.75 

8.53 

NEL  2571 

graphite 

0.065 

Delrin 

0.551 

0.990 

0.54 

4.76 

8.54 

PTW  N23333 

acrylic/ dag 
0.053 

acrylic 

0.551 

0.990 

0.48 

(1.00) 

5.57 

8.48 

centimeter,  which  is  much  closer  to  the  density  of  acrylic  (1.185)  or  nylon 
(1.14)  than  to  solid  graphite  (1.80).  The  lower  density  is  presumably  due 
to  a  more  open  molecular  structure  that  results  from  evaporation  of  the 
colloidal  liquid. 

The  original  NET  chamber  had  a  bakelite  thimble,  magnesium- 
aluminum  alloy  central  electrode  and  amber  stem  insulator  (Farmer, 
1955).  Since  then,  the  chamber  has  undergone  several  modifications,  and 
several  manufacturers  are  currently  marketing  Farmer-type  chambers  that 
differ  significantly  in  construction  techniques  and  materials.  Various 
characteristics  of  these  chambers  have  been  studied,  and  they  are 
essentially  equivalent.  In  Figure  1,  the  guarding  ends  just  inside  the  stem, 
but  the  current  versions  (NFL  models  2571  and  2581)  are  guarded  to 
within  approximately  1.5  centimeter  of  the  active  volume.  The  original 
Capintec  Farmer-type  chamber  (model  PR-06C)  also  was  unguarded,  but 
the  recent  model  PR-06G  is  guarded  to  within  approximately  one 
centimeter  of  the  cavity.  The  Capintec  collecting  electrode  is  made  of  1.6 
mm  diameter  air  equivalent  (AE)  conducting  plastic,  instead  of 
aluminum,  which  results  in  an  acceptable  orthovoltage  energy 
dependence.  The  PTW  Farmer-type  chamber  Model  N23333  is  fully 
guarded.  It  is  marketed  in  the  United  States  by  Nuclear  Associates  as 
models  30-351  (10-meter  cable)  and  30-352  (one-meter  cable)  and  by 
Victoreen  as  model  500-104  (10-meter  cable).  An  additional  PTW 
Farmer-type  chamber  is  the  model  N233331  (NA  30-361),  which  was 
designed  by  P.  R.  Almond  to  be  “replacement  free”  under  specific 
conditions  for  certain  radiation. 

The  MDH  Radcal  Farmer-type  chamber  model  10x5-0.6  is  not 
commonly  used  for  primary  radiation  therapy  calibrations,  probably 
because  it  is  marketed  to  be  used  with  the  1015  or  1515  X-Ray  Monitors, 
which  have  built-in  temperature  and  pressure  correction  circuits  that  are 
difficult  to  verify.  However,  the  chamber  is  fitted  with  standard  triaxial 
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Figure  2.  Energy  dependence  of  the  Capintec  unguarded  Farmer. 

cable  that  could  easily  be  cut  and  fitted  with  a  standard  triaxial 
connector.  The  chamber’s  dimensions  and  construction  are  significantly 
different.  The  thimble’s  inner  wall  is  0.51  mm  AE  plastic  (Shonka  C-552) 
with  an  outer  wall  of  0.51  mm  Delrin.  The  cobalt-60  buildup  cap  is  2.9 
mm  thick  Delrin,  whereas  the  collecting  eletrode  is  1.27  mm  diameter  AE 
plastic. 

The  energy  dependence  of  the  Farmer-type  chambers  is  shown  in 
Figures  2-7.  Each  graph  is  a  composite  of  all  data  for  such  chambers 
calibrated  at  the  K  &  S  Associates’  AAPM  ADCL  in  Nashville, 
Tennessee.  Each  individual  chamber’s  response  is  normalized  to  its 
cobalt-60  calibration  factor.  Although  the  cavities  of  the  two  Capintec 
chambers  are  presumably  identical,  there  is  a  noticeable  increase  in 
energy  dependence  for  the  new  guarded  chamber.  Because  there  is  also  a 
significant  difference  in  the  typical  cobalt-60  calibration  factor,  one  can 
postulate  that  there  is  a  disproportionate  ratio  of  collecting  electrode  to 
cavity  volume.  The  two  NEL  graphite  chambers  have  essentially  the  same 
energy  dependence.  Because  these  thimbles  often  are  broken,  it  is  worth 
noting  that  the  energy  dependence  is  principally  a  function  of  the 
aluminum  collecting  electrode.  In  other  words,  replacement  of  the 
graphite  thimble  will  generally  change  the  cavity  volume  while  leaving  the 
relative  energy  dependence  essentially  unchanged.  It  has  been  noticed  that 
older  NEL  chambers,  especially  in  humid  locations,  will  experience  an 
increase  in  energy  dependence  (personal  observation,  1983).  This  is 
caused  by  oxidation  of  the  aluminum  collecting  electrode.  When  the 
effect  is  significant,  one  can  dismantle  the  chamber,  scrape  the  oxidation 
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Figure  3.  Energy  dependence  of  the  Capintec  guarded  Farmer. 


off  and  thereby  approximately  restore  the  original  energy  dependence. 
The  energy  response  of  the  PTW  Farmer-type  chamber  is  equal  to  or 
better  than  that  of  the  NEL  2571.  The  orthovoltage  energy  dependence  of 
the  NEL  2581  chamber  is  listed  in  the  NEL  Owner’s  Manual  as  14 
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Figure  4.  Energy  dependence  of  the  NEL  nylon  Farmer. 
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Figure  5.  Energy  dependence  of  the  NEL  unguarded  Farmer. 


percent  while  MDH  Radcal  indicates  its  Farmer-type  chamber  to  only 
have  a  six  percent  energy  dependence. 

When  one  hears  the  words  “dag  coating,”  the  old  problem  of  flaking 
dag  that  was  encountered  with  many  of  the  nylon-thimbled  Victoreen 
chambers  and  the  NEL  2505/ 3B  chamber  immediately  comes  to  mind. 
However,  this  problem  appears  to  be  nonexistent  with  PTW  chambers. 
This  is  principally  because  acrylic  is  10  times  less  hygroscopic  than  nylon- 
type  materials.  When  the  nylon-type  thimbles  absorb  moisture  they  swell. 
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Figure  6.  Energy  dependence  of  the  NEL  guarded  Farmer. 
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Figure  7.  Energy  dependence  of  the  PTW  Farmer. 


which  over  time  tends  to  crack  the  dag  and  break  the  dag-nylon  bond.  In 
addition,  of  course,  this  swelling  affects  the  chamber’s  sensitivity.  It  is 
important  to  note  that  tissue  equivalent  (TE)  conducting  plastic  (Shonka 
A- 150)  is  a  nylon-type  material.  TE  plastic  chambers  from  Far  West 
Technology  and  the  NET  2581  have  been  known  to  change  their  initial 
sensitivity  by  two  percent.  This  may  be  due  to  super  drying  the  TE 
plastic  to  facilitate  better  machining.  Apparently  a  significant  change  in 
water  content  takes  several  hours  so  that  one  might  keep  such  chambers 
in  a  restricted  environment,  such  as  a  ziplock  plastic  bag,  unless  in  use. 

Although  one  now  has  the  AAPM  Task  Group  21  Protocol  (Task 
Group  21,  1983)  which  is  supposed  to  eliminate  differences  in  calibration 
due  to  using  different  chambers  and  phantom  material,  it  is  interesting  to 
know  the  discrepancies  that  were  propagated  for  in-water  calibrations  by 
assuming  equal  energy  dependence  for  energies  greater  than  cobalt-60.  A 
comparison  between  the  Farmer-type  chambers  at  6,  18,  and  25MV 
photon  and  7  and  18MeV  electron  energies  is  shown  in  Table  5  (W.  F. 
Hanson  and  L.  J.  Humphries,  unpublished  data,  1980).  Each  of  the 
chambers  was  given  an  ADCL  cobalt-60  exposure  calibration.  Therefore, 
under  Co-60  the  presence  of  1.000  by  each  chamber  indicates  that  a  Co- 
60  beam  calibration  in  air  using  any  one  of  these  chambers  would  result 
in  identical  exposure  rates.  The  photon  measurements  were  in  a  water 
phantom  at  five  centimeters  depth,  whereas  the  electron  measurements 
were  at  the  depth  of  maximum  in  water.  The  electron  data  was  corrected 
for  lack  of  full  saturation  by  the  two-voltage  technique,  and  the  average 
charge  for  positive  and  negative  collection  potentials  was  used.  Where  a 
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Table  5.  Farmer-type  ion  chambers;  relative  chamber  sensitivity  to  high-energy  photons  and 
electrons. 


Wall 

60co 

6MV 

18MV 

25MV 

7MeV 

18MeV 

AE  plastic 

1.000 

0.997 

±.001 

0.997 

0.992 

0.993 

±.002 

Graphite 

1.000 

1.000 

±.002 

1.000 

1.000 

±.001 

1.000 

±.002 

1.000 

±.002 

Acrylic-dag 

1.000 

1.004 

1.005 

1.004 

1.004 

Nylon-dag 

1.000 

1.005 

1.007 

1.009 

1.007 

1.007 

Nylon-thin  dag 

1.000 

1.004 

1.004 

1.020 

1.010 

1.011 

±.002 

TE  plastic 

1.000 

1.006 

1.009 

1.018 

1.017 

plus  or  minus  uncertainty  is  given,  this  indicates  the  maximum  spread  in 
data  where  two  or  more  chambers  of  the  same  type  were  used  or  the  data 
was  repeated  for  the  same  chamber.  The  greatest  spread  found  was 
actually  slightly  less  than  plus  or  minus  two  tenths  of  one  percent.  The 
spread  in  the  data  for  individual  measurements  was  one  tenth  of  one 
percent,  which  was  made  possible  by  use  of  a  monitor  chamber. 

The  data  were  normalized  to  that  for  the  Farmer-graphite  chamber 
because  it  was  the  most  commonly  used.  Therefore,  the  numbers  indicate 
the  discrepancies  that  result  from  using  these  different  Farmer-type 
chambers  in  conjunction  with  the  same  set  of  Cx’s  and  Ce’s.  The 
Capintec,  PTW  and  NET  nylon-dag  chambers  are  each  within  one 
percent  of  the  NFL  Farmer-grpahite  chambers  for  the  energies  studied. 
However,  the  discrepancy  was  greater  than  one  percent  for  the  thinly- 
dagged  nylon  thimble  at  25MV  x  ray  and  18MeV  electrons  and  for  the 
TE  plastic  chamber  at  both  electron  energies. 

In  typical  photon  and  scattered  electron  beams  (300  cGy  per  minute  or 
less),  the  collection  efficiencies  for  the  Farmer-type  chambers  are  in  the 
range  of  0.98  to  0.99.  However,  the  high  instantaneous  dose  rates  of 
scanned  electron  beams  results  in  significant  corrections  as  shown  in 
Table  6.  The  collection  efficiencies  resulting  from  these  particular  scanned 


Table  6.  Ion  collection  efficiencies  for  Farmer-type  chambers  in  electron  beams. 


Chamber 
(300V  Bias) 

Scanned^ 

Therac  20 
6MeV/20MeV 

Scattered‘’ 

Betatron 

7MeV/18MeV 

Scattered'’ 

Clinac  20X 
6MeV/20MeV 

Capintec 

/0.92 

0.982/0.981 

0.996/0.993 

NEL 

0.98/0.89 

0.976/0.974 

PTW 

/0.89 

0.981/0.977 

0.991/0.987 

^(Ubesie  and  Hanson,  1981)  400  cGy/minute 

‘’(Hanson  and  Humphries,  1980)  200  cGy/ minute,  100  pulses/s. 

‘’(Personal  observation,  1983)  300  cGy/ minute,  250  pulses/s. 
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Table  7.  Farmer-type  ion  chambers:  stem  effect  and  postirradiation  leakage. 


Chamber  (no.) 

L  (cm)" 

Stem 

effect  {%f 

Postirradiation 
leakage  (10"'"A)^ 

Farmer  (3) 

8.5 

0.3-0.6 

23-65/10-23 

Farmer  guarded  (5) 

1.5 

0.2-0.3 

1-12/1-2 

Capintec 

7.2 

0.3 

19/3 

Capintec  guarded 

1.0 

0.2 

2/1 

PTW 

0 

0.1 

<1/<1 

^Length  of  unguarded  stem. 

*’26  by  10  cm^  versus  10  by  26  cm^  cobalt-60. 

*'1  minute/ 5  minute  post  900  cGy  (300  cGy/ minute)  cobalt-60  full  stem  irradiation;  preirradiation 

leakage  <1XI0”’'‘A. 

Therac  20  electron  beams  were  later  significantly  increased  by  reducing 
the  cross-sectional  area  covered  by  the  scan.  It  is  also  worth  noting  that 
the  collection  efficiency  for  scattered  beams  is  a  stronger  function  of  the 
number  of  pulses  per  second  than  the  actual  dose  rate. 

Table  7  shows  the  typical  values  for  stem  effect  and  postirradiation 
leakage  following  full-stem  irradiation  (personal  observation,  1983). 
These  effects  are  not  a  function  of  wall  or  collector  materials  but  are 
directly  related  to  the  length  L  of  unguarded  stem.  The  ranges  given  are 
from  actual  measurements  on  several  chambers  of  the  same  type.  It  is 
important  to  note  that  these  data  are  for  cobalt-60  and  that  these  effects 
are  a  function  of  energy  and  type  of  beam,  as  will  be  discussed  in  the 
section  on  cable. 

Parallel  Plate  Ionization  Chambers 

The  new  AAPM  Protocol  (Task  Group  21,  1983)  states  “plane-parallel 
chambers  are  preferred  for  electron-beam  dosimetry  in  the  range  of  5- 
lOMeV,”  which  concurs  with  the  1980  Supplement  to  the  NACP 
Protocol.  The  principal  reason  for  this  preference  is  to  reduce  the 
replacement  correction  factor,  which  allows  a  more  accurate  calibration 
and  greater  precision  in  determining  depth  dose  in  the  buildup  region  and 
beyond  the  depth  of  90  percent.  Several  plane-parallel  ion  chambers 
suitable  for  electron  measurements  are  commercially  available.  Table  8 
gives  some  of  the  physical  characteristics  of  these  chambers. 

The  Pitman  631  chamber  was  developed  by  the  National  Physical 
Laboratory  in  the  United  Kingdom  in  collaboration  with  the  Hospital 
Physicist  Association.  It  is  specifically  designed  for  calibration  of  electron 
beams  5MeV  and  below  and  is  not  recommended  for  use  above  lOMeV. 
Because  the  electrons  from  the  side  and  back  walls  of  a  plane-parallel 
chamber  can  significantly  affect  the  ionization  produced  in  the  cavity 
(Mattsson  et  al.,  1981),  the  width  of  the  guard  ring  should  be  sufficient  to 
shield  the  effective  volume.  The  relatively  small  guard  ring  for  the  PTW 
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Table  8.  Physical  characteristics  of  the  plane-parallel  ionization  chambers. 


Chamber 

Volume 

(cm^) 

Electrode 
spacing  (mm) 

Window 

(mg/cm^) 

Guard 
width  (mm) 

Collector 
diameter  (mm) 

Capintec 

PS-033 

0.5 

2.4 

aluminized 
polyester  (0.5) 

0.5 

AE  plastic 

(16) 

Memorial 

NA  30-404 

1.0 

2.0 

graphited 

polystyrene  (416) 

5 

graphited 

polystyrene 

(25) 

NACP 

0.16 

2.0 

graphite  (90) 

3.2 

graphited 

Rexolite 

(10) 

Pitman/ 

NPL  631 

0.6 

2.0 

aluminized 
polyethylene  (0.2) 

3 

graphited 

polyethylene 

(20) 

PTW  Markus 
N23343 

0.06 

2.0 

graphited 

polyethylene  (2.7) 

0.1 

graphited 

polystyrene 

(5.4) 

Markus  chamber,  as  well  as  its  originally  high  polarity  effect,  resulted  in 
the  development  of  the  NACP  Chamber.  Capintec  has  attempted  to 
compensate  for  the  narrow  guard  width  of  its  chamber  by  allowing  the 
guard  to  protrude  into  the  air  volume  approximately  one  millimeter.  It 
should  be  noted  that  the  PTW  Markus  chamber’s  collector  is  acrylic, 
even  though  most  literature  supplied  by  PTW  and  Nuclear  Associates 
reports  it  as  polystyrene.  Typical  polarity  effects  for  the  plane-parallel 
chambers  available  today  (Mattsson  et  al,  1981;  personal  observation, 
1983)  are  given  in  Table  9;  however,  it  is  important  to  realize  that  any 


Table  9.  Typical  polarity  effect:  ratio  of  signals,  negative  to  positive,  at  Dmax  with  300V 
bias. 


Chamber 

Eo(MeV) 

Polarity 
effect  (— /+) 

Capintec 

6 

1.017 

PS-033 

12 

1.006 

20 

1.004 

Memorial 

2.5 

1.022* 

NA  30-404 

6 

1.015 

12 

1.004 

20 

1.002 

NACP 

4.5 

1.007* 

9.5 

1.004* 

18.5 

1.002* 

Pitman  631 

4.5 

1.001* 

PTW  Markus 

6 

1.013 

N23343 

12 

1.002 

20 

1.000 

PTW  Farmer 

6 

1.003 

N23333 

12 

1.000 

20 

1.000 

*These  data  from  Mattsson  et  al.  (1981);  all  other  data  from  personal  observations. 


INSTRUMENTATION  FOR  RADIATION  MEASUREMENT 


187 


Table  10.  Parallel-plane  chamber  features. 


Chamber 

Desirable  features 

Undesirable  features 

Capintec 

Excellent  energy 

Difficult  to  waterproof. 

PS-033 

dependence  down  to 

Has  Capintec’s  stiff 

mammography  range. 

cable. 

Low  cost. 

Adapts  nicely  to  poly¬ 
styrene  phantom. 

Window  is  too  thin. 

Memorial 

Excellent  stability  of 

Can’t  measure  surface 

NA  30-404 

sensitivity 

dose. 

Adapts  nicely  to  poly¬ 
styrene  phantom. 

Can’t  waterproof. 

NACP 

Can  be  waterproofed. 

Bulky  waterproof  housing. 

Excellent  stability  of 

Doesn’t  have  triaxial 

sensitivity. 

connector. 

Very  appropriately 
designed. 

High  cost. 

Pitman  631 

Excellent  low  energy 

Difficult  to  waterproof. 

electron  and  photon 

Limited  energy  range. 

response. 

Supplied  with  phantom. 

High  cost. 

PTW  Markus 

Excellent  lateral  spatial 

47%  orthovoltage  energy 

N23343 

resolution. 

dependence  (personal 

Easily  waterproofed. 

observation,  1980). 

Adapts  nicely  to  solid 
phantoms. 

Low  signal-to-noise  ratio. 

given  chamber  may  not  be  typical.  For  example,  I  am  aware  of  a  PTW 
Markus  chamber  that  has  a  polarity  effect  of  1.027  at  6MeV.  Other 
features  of  these  plane-parallel  chambers  are  given  in  Table  10. 

Thimble  Ionization  Chambers  Used  for  Scanning 

There  are  several  ion  chambers  that  are  used  in  beam  data  acquisition 
systems  where  the  important  considerations  are  good  spatial  resolution, 
good  signal-to-noise  ratio,  stable  response,  and  appropriate  rigid  length. 
In  addition,  the  chamber  should  either  be  waterproof  or  easily 
waterproofed.  The  physical  characteristics  of  the  commonly  used 
chambers  are  shown  in  Table  11. 

Although  it  is  generally  recommended  that  the  cavity  diameter  be  less 
than  or  equal  to,  4  mm,  two  of  the  commonly  used  chambers  exceed  this 
by  as  much  as  50  percent.  However,  it  has  been  reported  (D.  Johnson, 
personal  communication,  1985)  that  scan  plots  utilizing  the  3.5  mm  and 
5.5  mm  diameter  PTW  chambers  are  indistinguishable.  This  may  be 
attributable  to  the  fact  that  the  smaller  PTW  chamber  does  not  have  a 
rigid  stem  that  allows  slight  chamber  motion  during  scans.  Even  though 
the  smaller  PTW  chamber  may  be  fitted  with  a  triaxial  connector,  the 
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Table  11.  Physical  characteristics  of  thimble  chambers  used  for  scanning  (nonspecified 
measurements  in  millimeters). 


Chamber 

Volume 

(cm^) 

Air  Cavity 

communication  diameter 

Cavity 

length 

Electrode 

spacing 

Outer  Rigid 
diameter  length 

Wall 

Capintec 
*  PR-05 

0.14 

Y* 

4 

11.5 

1.5 

6.4 

31 

AE  plastic 

*PR-05P 

0.07 

Y* 

4 

5.5 

1.5 

6.4 

25 

AE  plastic 

Protea 

TDC-100 

0.1 

Y 

4 

10.8 

1.5 

6.5 

30 

graphited 

PTW 

N23323 

0.1 

N** 

3.5 

12.0 

1.25 

7.0 

25 

polystyrene 

acrylic/ dag 

N23364I 

0.3 

Y 

5.5 

16.2 

2.25 

7.0 

82 

acrylic/ dag 

Therados 

RK83-05 

0.12 

Y 

4.0 

10.0 

1.5 

7.0 

45 

acrylic/ dag 

Wellhofer 

IC-10 

0.147 

Y 

6.0 

6.3 

2.5 

6.8 

45 

AE  plastic 

*Must  be  waterproofed,  which  may  stop  or  impede  atmospheric  communication. 

** Manufacturer  states,  “measuring  volume  airtight  for  a  8  hours  working  period.” 

cable  used  for  construction  is  coaxial.  As  shown  in  the  next  section,  this 
causes  the  ehamber  to  have  a  significant  stem  effect  in  photon  beams 
(personal  observation,  1983),  which  means  that  one  must  attempt  to 
maintain  a  constant  amount  of  cable  in  the  beam  at  a  constant  depth 
during  scans.  Even  though  the  manufacturer  states  that  the  N23323 
chamber  is  closed  to  atmospheric  communication  for  at  least  eight  hours, 
this  chamber  is  known  to  change  sensitivity  during  the  course  of  a 
working  period  of  eight  to  10  hours  by  as  much  as  three  percent 
(personal  observation,  1983).  Obviously,  this  chamber  is  not  suitable  for 
NBS  or  ADCL  calibration.  The  other  PTW  chamber  readily  communi¬ 
cates  with  the  atmosphere  and  was  touted  as  being  just  as  suitable  for 
calibration  as  a  Farmer-type  chamber. 

However,  in  general  the  sensitivity  varies  by  up  to  one  percent  with  an 
occasional  chamber  experiencing  as  much  as  a  two  to  three  percent 
change  (S.  A.  Reed,  personal  communication,  1986).  It  now  is  believed 
that  this  variation  is  caused  by  chemical  contamination  of  the  cavity  due 
to  outgassing  from  the  silicon  tubing  used  for  waterproofing  (Loffler, 
personal  communication,  1987).  Consequently,  PTW  now  uses  the  same 
orange,  pure  rubber  tubing  on  both  of  these  chambers.  The  N233641 
chamber  is  constructed  with  triaxial  cable;  however,  the  wall  and  the  case 
of  the  triaxial  connector  are  not  connected  by  the  outer  braid,  but  by  an 
extra  wire.  The  PTW  N23323  and  N233641  chambers  are  marketed  in  the 
United  States  as  Nuclear  Associates  models  30-350  and  30-316  or  317. 

Because  both  the  Wellhofer  and  Protea  chambers  utilize  silicon  tubing 
for  waterproofing,  one  would  expect  them  to  experience  sensitivity 
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-  CENTRAL  CONDUCTOR 

Figure  8.  Schematic  representation  of  triaxial  cable  with  three  semiconductive  layers. 

changes  similar  to  the  PTW  N233641.  In  addition,  a  high  percentage  of 
Protea  chambers  have  been  known  to  break  if  the  thimble  is  allowed  to 
hit  the  side  of  the  water  tank. 

Low-noise  Triaxial  Cable 

Originally,  each  cable-connected  chamber  was  manufactured  with  its 
own  attached  cable,  but  the  current  trend  is  to  have  zero  to  two  meters 
of  cable  attached  to  the  chamber  and  to  install  a  low-noise,  flexible, 
triaxial  cable  in  each  high  energy  radiation  treatment  room.  There  are 
several  good  reasons  for  this  approach;  1)  often  the  nominal  10-meter 
attached  cable  is  not  long  enough;  2)  a  detached  cable  can  be  used  with 
numerous  chambers  and  can  be  any  custom  length;  3)  a  permanently 
installed  cable  saves  time  and  will  have  reduced  wear  and  tear;  and  4)  if 
the  cable  is  damaged,  the  chamber  is  not  affected. 

When  one  thinks  of  triaxial  cable,  one  immediately  pictures  three 
concentric  conductors  insulated  by  three  concentric  insulators.  However, 
in  actual  practice  one  finds  that  in  addition  to  the  three  metallic 
conductors  there  are  one  to  three  additional  conductive  coatings,  as 
shown  in  Figure  8.  In  fact,  to  qualify  as  “low  noise,”  the  cable’s  inner 
dielectric  that  surrounds  the  central  electrode  must  be  treated  with  a 
uniform  semiconductive  coating.  There  are  four  common  treatments:  1) 
powdered  graphite;  2)  a  conductive,  loose  fitting  jacket;  3)  a  silvery 
colored  dispersion  (Microdot’s  xl  treatment);  and  4)  a  conductive  Teflon 
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Table  12.  Microphonic  noise  and  dielectric  response  time. 


Cable 

Microphonic^ 
(pC/ m/min) 

T‘’ 

(min) 

D*' 

Type  of 
low  noise 

treatment 

Microdot  X2 

<1 

<1 

T 

4 

Microdot  XI 

3 

2 

P 

3 

PTW  triax 

<1 

<1 

T 

4 

PTW  coax‘' 

— 

1 

P 

1 

Capintec  (both) 

<1 

<1 

T 

4 

Victoreen 

<1 

<1 

T 

4 

NEL  (gray) 

3 

!/2 

P 

2 

Keithley*' 

3 

12/25 

P 

1 

^Integrated  noise  signal  resulting  from  flexing  a  coil  of  cable. 

‘’Time  required  for  leakage  of  a  10-meter  cable  to  drop  to  1  X  10~'''A  after  switching  on 
—300V/ switching  from  —300V  to  +300 V. 

‘'Inner  Dielectric:  teflon  or  polyethylene 

‘‘Used  by  PTW  in  constructing  some  chambers,  notably  the  common  0.1  cm^  waterproof 
chamber. 

^Average  observed  for  six  such  cables. 


film  coating  fused  to  the  dielectric  wall  (Microdot’s  x2  treatment).  Cables 
utilizing  the  first  three  methods  also  utilize  polyethylene  or  other  low 
temperature  dielectric  instead  of  the  preferred  Teflon.  The  common 
commercially  used  cables  are  listed  in  Table  12. 

The  slow  response  time  of  the  Keithley  cable  possibly  is  due  to  the  fact 
that  its  graphite  coating  is  nonuniform.  It  is  interesting  to  note  that  even 
though  the  NET  cable  by  itself  has  a  reasonable  response  time  to  changes 
in  bias  voltage,  the  NEL  chambers  tend  to  have  a  significantly  slower 
response  time.  This  is  because  the  chambers  are  not  fully  guarded. 
Capintec  markets  two  quite  different  triaxial  cables.  The  older  cable  is 
stiff  and  springy,  whereas  the  newer  cable  is  essentially  as  flexible  as  the 
others.  The  older  Capintec  cable  and  the  PTW  triax  cable  have  the  three 
semiconductive  layers  as  shown  in  Figure  8.  One  must  be  careful  to 
isolate  these  layers  when  installing  a  connector  or  chamber. 

When  installing  cable  connectors,  it  is  also  necessary  to  assure 
appropriate  continuity  and  to  maintain  the  integrity  of  the  guard.  One 
manufacturer  of  a  cable  reel  used  a  bulkhead,  solder-lug  type  connector 
on  the  reel  end  that  connected  to  the  chamber.  The  exposed  central 
electrode  acted  like  an  ion  chamber  that  at  best  produced  readings  that 
were  10  percent  high  and,  if  the  reel  were  placed  adjacent  to  the 
phantom,  the  readings  were  almost  50  percent  high  with  a  15  by  15 
square  centimeter  6MV  beam.  However,  if  an  appropriate  cable  is 
properly  constructed,  one  can  insert  up  to  200  feet  between  the  chamber 
and  electrometer  with  no  significant  degradation  of  signal-to-noise  ratio. 
One  physicist  found  that  his  cable  altered  his  readings.  When  he  called 
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Figure  9.  Cable  signal  as  a  function  of  photon  energy. 


the  manufacturer  to  complain,  it  was  suggested  that  he  should  have  a 
cable  calibration  fator  in  addition  to  factors  for  his  chamber  and 
electrometer. 

For  the  most  part,  the  differences  I  have  seen  among  the  various  cables 
thus  far  have  been  relatively  minor.  However,  Figures  9  and  10  show  that 
some  cables  are  significantly  different  in  an  important  practical  aspect, 
namely  in  the  amount  of  radiation-induced  signal  as  a  function  of  energy 
(personal  observation,  1983).  Failing  to  recognize  this  could  lead  to 
disastrous  results  if  one  used  a  small  volume  chamber  with  Keithley  or 
NEL  cable  for  dosimetry  measurements  in  preparation  of  whole  body 
electron  treatment  with  a  3MeV  electron  beam.  It  is  ironic  that  the  worst 
cable  for  photons  is  the  best  overall  for  electrons.  For  more  routine 
measurements,  the  data  in  Figures  9  and  10  indicate  that  it  would  be  a 
mistake  to  assume  that  all  modern  cable-connected  chambers  have  no 
stem  effect  or  to  measure  stem  effect  at  only  one  energy.  Of  course,  this 
is  particularly  true  of  small  volume  chambers.  For  example,  the  stem 
effect  of  a  Markus  electron  beam  chamber  at  6MeV  is  greater  than  one 
percent,  whereas  for  the  PTW  0.1  cubic  centimeter  chamber  it  is  in  excess 
of  four  percent  for  six  and  18MV  photons  (personal  observation,  1983). 
Radiation  induced  cable  signal  is  essentially  independent  of  the 
magnitude  and  sign  of  the  chamber  polarizing  voltage,  which  means  that 
it  will  be  additive  for  one  polarity  and  subtractive  for  the  other.  Also,  for 
electrons  the  sign  of  the  cable  signal  changes  with  an  increase  in  energy. 
For  dose  rates  of  one  to  500  cGy  per  minute,  the  radiation-induced  cable 
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Figure  10.  Cable  signal  as  a  function  of  electron  energy. 


signal  is  approximately  proportional  to  the  chamber  signal  if  the  chamber 
saturation  correction  is  made. 

In  summary,  Table  13  lists  the  cable  characteristics  ideally  desired. 

Electrometers/  Dosimeters 

The  negative-feedback  operational-amplifier  (op  amp)  electrometer 
(Keithley  Instruments,  1977)  is  by  far  the  most  common  circuit  for 
measuring  charge  or  current  in  modern  ionic  dosimeters.  Three  such 
circuits  are  shown  schematically  in  simplified  form  in  Figures  11,  12  and 
13.  The  triangle  is  the  schematic  designation  of  the  operational  amplifier 
and  the  negative  and  positive  input  designations  refer  to  the  inverting  and 
noninverting  (with  respect  to  output)  input  positions,  respectively.  The 
term  negative  feedback  indicates  that  some  or  all  of  the  output  is  fed 
back  into  the  inverting  input.  Any  circuit  element  in  this  feedback  path  is 


Table  13.  Desired  cable  characteristics. 


Fast  (less  than  one  minute)  equilibration  time  with  change  in  high  voltage 
Low  radiation-induced  signal 
Low  microphonic  noise 
Low  leakage  (<10”''* A) 

Pliable 

Easy,  sturdy  connector  installation 
Low  capacitance  per  foot 
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designated  a  feedback  element.  The  operational  amplifier  has  high  open- 
loop  gain  (>10‘^)  and  high-input  impedance  (>10’^  ohm),  which  enable  it 
to  maintain  a  potential  of  only  20-1 00m V  between  its  positive  and 
negative  inputs.  This  function  is  important  because  it  allows  one  to 
indirectly  measure  the  voltage  across  the  feedback  element,  as  illustrated 
in  Figures  11-14  (Loffler,  personal  communication,  1986). 

Total  Capacitive  Feedback 

Figure  1 1  illustrates  a  total,  capacitive  feedback  circuit.  Total  feedback 
means  unity  gain  so  that  exactly  the  amount  of  charge  collected  by  the 
ion  chamber’s  collecting  electrode  is  deposited  on  the  feedback  capacitor 
C.  The  voltage  across  C  is  read  with  voltmeter  V,  and  the  amount  of 
charge  collected  is  given  by: 


Q  =  CV.  (1) 

That  is,  if  one  has  an  accurate  voltmeter  and  the  capacitance  C  is  known 
in  farads,  then  the  product  of  the  reading  times  the  known  capacitance 
yields  the  charge  collected  in  coulombs.  For  example,  a  10~^F  capacitor 
and  an  accurate  voltmeter  would  read  directly  in  units  of  10”^C.  Because 
the  response  of  such  a  circuit  is  almost  independent  of  amplifier  gain,  the 
accuracy  and  reliability  of  such  electrometers  is  almost  totally  dependent 
upon  the  feedback  element  and  the  readout  device. 

Figure  11  also  shows  that  the  chamber  bias  voltage  is  placed  directly 
between  the  case  ground  of  the  electrometer  and  circuit  “TO,”  which 
corresponds  to  the  outer  braid  (chamber  thimble)  and  inner  braid  (guard) 
of  the  triaxial  cable.  It  is  common  practice  and  generally  recommended 
that  the  thimble  polarity  be  negative,  so  that  negative  ions  are  collected. 
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Of  course,  for  electron  measurements,  one  is  obligated  to  measure  with 
both  polarities. 

Total  Resistive  Feedback 

Figure  12  differs  from  Figure  11  only  by  having  a  resistor  R  as  the 
feedback  element.  Again  one  has  unity  gain  so  that  the  ion  current  in  the 
chamber  is  equal  to  the  current  through  R.  If  R  is  known  and  one 
accurately  measures  the  voltage  across  it  then  the  ion  current  is  given  by: 

I  =  V/R  =  VR'',  (2) 

where  the  inverse  of  the  resistance  is  typically  used  to  allow 
multiplication.  For  example,  a  10^  ohm  resistor  and  an  accurate 
voltmeter  would  read  directly  in  units  of  10"^A. 

Negative  Feedback  with  Gain 

The  gain  of  a  negative  feedback  operational  amplifier  is  approximately 
equal  to  1/  p  where  p  is  the  fraction  of  the  output  that  is  fed  back  to  the 
input.  Fractional  feedback  is  most  easily  accomplished  with  a  voltage 
divider  such  as  Rd  in  Figure  13.  By  adjusting  )8  one  can  make  an 
electrometer  direct  reading  (R  or  R/min  readout)  for  a  given  chamber  at 
a  given  radiation  quality,  assuming  other  corrections  to  be  negligible. 
However,  in  practice  it  is  usually  better  to  have  a  unity  gain  stage 
followed  by  one  or  more  amplification  stages. 

Desired  Electrometer  Characteristics  and  Acceptance  Tests 

The  desired  characteristics  are  given  in  Table  14.  Many  of  these 
characteristics  cannot  be  determined  by  reading  a  list  of  specifications. 
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Therefore,  it  is  advisable  to  request  a  “demo”  unit  or  inquire  from 
someone  who  has  used  the  system  you  are  considering  purchasing.  Once 
you  have  made  a  decision,  never  assume  that  any  dosimeter,  no  matter 
who  the  distributor  or  manufacturer  might  be,  will  perform  on  arrival  in 
accordance  with  either  manufacturer’s  specifications  or  in  a  manner 
similar  to  other  identical  instruments.  One  finds  that  10-25  percent 
(depending  on  manufacturer)  of  such  instruments  are  shipped  with  at 
least  one  defect,  which  may  or  may  not  be  bad  enough  to  warrant  the 
hassle  required  to  correct  it.  The  problem  is  so  great  that  the  ADCLs 
prefer  not  to  accept  instruments  for  calibration  directly  from  the 
manufacturer,  except  possibly  for  those  instruments  being  shipped 
outside  the  United  States.  The  manufacturers  apparently  find  it  more 
profitable  to  have  the  customer  locate  and  specify  malfunctions  that  they 
are  willing  to  repair  rather  than  to  rigorously  test  each  instrument  prior 
to  shipment.  In  the  first  place,  many  customers  will  accept  and  use  an 
instrument  of  less  than  average  quality  simply  because  they  are  unaware 
of  what  is  typical. 

A  suggested  list  of  acceptance  tests  is  given  in  Table  15.  Checking  for 
proper  voltage  levels  is  not  necessarily  as  easy  as  one  might  think.  In  the 
first  place,  it  is  not  always  easy  to  find  a  measuring  point  that  will  allow 
a  measurement  without  the  possibility  of  shorting  something  out. 
Secondly,  even  a  good,  high  impedance  (>10M  ohm)  DMM  will  load 
some  of  the  polarizing  voltage  power  supplies.  For  example,  the  NET 
Farmer  Dosemeter  model  2502/3  has  anywhere  from  340-410V,  but  a 
DMM  (and  the  Dosemeter’s  panel  meter)  will  measure  this  as  280-3 15V. 
Accurate  measurement  of  such  voltages  can  be  made  with  a  1000:1,  lO’^ 
ohm  voltage  divider  and  an  electrometer  with  at  least  10‘‘  ohm  input 
impedance.  Most  battery  supplies  have  a  100k  ohm  series  resistor,  so  that 
an  external  measurement  with  a  typical  DMM  will  result  in  a  reading 
that  is  one  percent  low. 
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Table  14.  Desired  electrometer  characteristics. 


Fast  warm  up  (five  to  10  minutes)  and  equilibration  time  after  significantly  changing  high 
voltage  (less  than  one  minute) 

Pre-  and  postsignal  zero  drift  should  be  negligible  (<10"’^A)  within  one  minute  after  zeroing 
the  electrometer) 

Sensitivity  should  not  be  a  function  of  ambient  conditions,  time  or  scale  position 
Ability  to  monitor  readout  with  an  external  DVM 
Consistency  between  ranges  and  functions 

Ability  to  change  bias  voltage,  both  magnitude  and  polarity,  and  to  accept  external  bias 


In  contrast,  the  condition  of  batteries  used  for  power  in  an  electrical 
circuit  cannot  be  determined  with  a  DMM  alone.  Such  batteries  must  be 
tested  under  load,  and  the  test  should  not  be  instantaneous.  For  example, 
a  quick  check  of  the  batteries  in  a  Keithley  602  electrometer  may  show 
all  batteries  to  be  above  the  recommended  two-thirds  full  scale;  but  weak 
batteries,  measuring  70-80  percent  full  scale,  may  drop  to  less  than  50 
percent  full  scale  in  the  course  of  an  hour’s  use.  Therefore,  it  is 
recommended  to  check  voltages  before  and  after  a  series  of  measure¬ 
ments. 

The  warmup  time  required  for  various  instruments  varies  from  five 
minutes  to  almost  an  hour.  This  is  easily  compensated  for  by  simply 
turning  the  instrument  on  ahead  of  use.  A  more  important  consideration 
is  the  time  required  for  leakage  equilibration  after  switching  polarity.  The 
electrometer  should  be  significantly  better  than  the  chamber  in  this 
regard. 

What  most  people  refer  to  as  leakage  is  the  accumulation  of  signal 
from  a  zero  condition.  Actually,  this  is  zero  drift  caused  by  the 
operational  amplifier’s  offset  current.  Excellent,  average,  and  bad 
electrometer  zero  drifts  are  10~*^A,  lO’^'^A  and  10~^^A,  respectively.  (Note: 
10~^'^A  corresponds  to  3mR/minute  for  a  0.6  cubic  centimeter  chamber.) 
Although  written  in  units  of  amperes,  it  must  be  stressed  that  zero  drift 
must  be  checked  on  the  actual  scale  or  range  that  one  intends  to  use.  In 
some  cases  (most  notably  the  Capintec  192),  there  is  little  or  no 
correlation  between  ranges  in  this  regard. 


Table  15.  Electrometer  acceptance  tests. 


Proper  voltage  levels 

Equilibration  time;  Warmup  and  after  high  voltage 
Zero  drift  (background  current);  pre-  and  postsignal 
Feedback  capacitor  leakage 

Constancy  of  charge  sensitivity  with  scale  position 

Consistency  between  ranges 

Microphonics 
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In  addition  to  zero  drift,  the  ability  of  the  feedback  capacitor  to  hold 
charge  is  vitally  important.  New  Keithley  electrometers  have  been  sold 
with  capacitor  leakage  of  seven  percent  per  minute,  which  meets  Keithley 
Instrument  Division’s  specification  for  the  coulomb  ranges.  Some 
dosimeters  have  a  “hold”  button,  ostensibly  to  allow  you  to  capture  a 
reading  long  enough  to  write  it  down.  A  good  electrometer  does  not  need 
such  a  button,  because  it  will  hold  a  reading  for  several  minutes.  The 
ADCLs  will  not  calibrate  an  electrometer  that  does  not  hold  a  reading  to 
better  than  0.05  percent  per  minute.  This  check  should  be  done  with  the 
largest  reading  anticipated  during  use. 

Constancy  of  charge  sensitivity  with  scale  position  often  is  referred  to 
as  linearity,  which  is  somewhat  of  a  misnomer,  but  because  it  is 

commonly  used  it  will  be  used  here.  In  the  absence  of  drift,  solid-state 
operational  amplifiers  are  quite  linear.  However,  the  feedback  capacitor 
can  introduce  a  nonlinearity  by  having  a  voltage  coefficient  or  leakage. 
This  can  be  checked  by  multiple  exposures  of  an  ion  chamber,  where  n 
exposures  should  yield  n  times  the  initial  signal,  or  this  is  easily  checked 
during  calibration  of  the  electrometer  where  a  known  charge  is 

introduced  onto  the  feedback  capacitor  as  shown  in  Figure  14. 

Another  possible  problem  that  is  associated  with  the  feedback 
capacitor  is  dielectric  absorption.  An  excessive  amount  of  such 

absorption  will  manifest  itself  by  a  recharging  of  the  feedback  capacitor 
following  too  short  of  a  discharge  period.  This  will  prevent  rapid  data- 
taking  unless  one  estimates  the  magnitude  of  this  pseudo  signal,  assumes 
it  will  stay  constant,  and  appropriately  takes  it  into  account.  The  higher 
the  voltage  rating  for  the  capacitor,  the  greater  the  dielectric  absorption 
for  a  given  dielectric.  Most  dosimeter  feedback  capacitors  have  a 

polystyrene  dielectric  with  a  voltage  rating  of  200V  or  less,  which  results 
in  acceptable  dielectric  absorption.  Many  Keithley  616  or  35616 
electrometers  have  a  dielectric  absorption  problem  because  600V 
capacitors  are  used,  but  a  slow  discharge  time  caused  by  the  lOOM  ohm 
discharge  resistor  tends  to  compensate.  Both  problems,  however,  can  be 
eliminated  with  a  change  of  components. 

Readout  Devices 

Typical  readout  devices  are:  mirrored  scale  analog  panel  meters 
(APM),  digitized  10-turn  potentiometers,  and  digital  voltmeters  (DVM). 
Although  all  three  of  these  are  capable  of  providing  sufficient  precision 
and  accuracy  for  most  purposes,  only  the  DVM  is  capable  of  accuracy  to 
within  the  precision  of  reading  over  its  entire  range.  The  other  two 
require  scale-position  correction  factors  of  up  to  one  percent  typically. 

Direct-reading  dosimeters  provide  sufficient  precision  of  reading  for 
most  situations  with  only  a  3-*/^  digit  readout  (for  example,  100. OR). 
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SOURCE  OF 
KNOWN  CHARGE,  Q 


ELECTROMETER- READOUT  SYSTEM 


Q  =  CjVs  =  CpV 

CHARGE  CALIBRATION  FACTOR  =  Q/V  (UNIT  OF  CHARGE/UNIT  OF  READING) 


Figure  14.  Electrometer  calibration  circuit. 


However,  electrometers  with  only  a  3-'/2  digit  readout  would  yield  a 
reading  of  2.10V  for  lOOR  exposure  when  the  10~^C  function  and  an 
NEL  2571  Farmer  chamber  are  used.  This  0.5  percent  precision  of 
reading  (±0.01)  is  annoying  at  best,  and  quite  unacceptable  for  some 
measurement  situations, which  is  why  a  4-!^  digit  device  is  highly 
recommended.  When  zeroed,  the  Keithley  616  displays  five  zeroes  that 
falsely  indicates  a  4-1^  digit  readout.  In  its  most  sensitive  range,  the  least 
significant  digit  is  disabled  and  as  it  autoranges  one  digit  disappears. 

The  desired  characteristics  for  a  readout  device  are:  1)  sufficient 
precision  of  reading  (0.1  percent  throughout  the  range  of  expected 
readings)  and  2)  accuracy  to  within  the  precision  of  reading. 

Features  of  Commonly  Used  Electrometers!  Dosimeters 

A  comparison  of  some  of  the  more  important  features  of  the  most 
used,  commercially  available  electrometers  and  dosimeters  is  shown  in 
Table  16,  and  a  brief  discussion  of  good  points  and  problems 
encountered  follows. 

The  Capintec  192  is  capable  of  direct  reading  for  three  different 
chambers  over  a  wide  energy  range  and  has  an  nC  function.  It  has  half¬ 
voltage  and  polarity  reversal,  but  contrary  to  common  practice  the 
polarity  indicated  refers  to  the  central  electrode  not  the  thimble.  It  also 
has  a  sensitivity  self-check  function  and  is  the  least  expensive  dosimeter 


Table  16.  Comparison  of  electrometer/ dosimeter  features. 
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on  the  market,  probably  because  it  is  essentially  the  same  circuitry  as 
originally  designed  12  years  ago.  Its  only  real  problems  are  a  lack  of 
good  correlation  between  rate  and  integrate  functions,  a  background 
adjustment  that  cannot  be  turned  off,  and  a  fairly  long  warmup  time, 
such  that  some  users  never  turn  the  instrument  off. 

The  first  use  of  a  Keithley  electrometer  as  a  dosimeter  may  have  been 
in  1964  at  the  University  of  California  San  Francisco  when  Ralph 
Worsnop  took  the  Farmer  chamber  from  an  old  discarded  Baldwin- 
Farmer  Dosemeter  and  adapted  it  for  use  with  his  newly  acquired 
Keithley  6 IOC.  Six  years  later  he  purchased  a  Keithley  602,  and  he  was 
the  first  to  digitize  a  602  with  an  add-on  DVM  (R.  Worsnop,  personal 
communication,  1987).  That  17-year-old  602  is  still  his  “work  horse,”  and 
it  has  never  required  repair,  which  is  typical.  Today  this  paragon  of 
instruments  is  available  as  a  complete  digitized  dosimeter  marketed  by 
Precision  Radiation  Measurement. 

Since  introducing  the  602,  there  have  been  several  electrometer 
versions,  with  the  recent  instruments  including  a  digital  readout. 
However,  while  Keithley  makes  excellent  electrometers,  they  appear  to  be 
somewhat  less  capable  in  analog-to-digital  conversion  techniques. 
Approximately  75  percent  of  all  problems  encountered  with  Keithley 
digital  electrometers  are  strictly  associated  with  the  analog-to-digital 
conversion  circuitry.  Fortunately,  each  electrometer  has  output  jacks  that 
allow  the  user  to  continue  using  the  electrometer  by  using  an  external 
DVM.  In  one  case,  a  Keithley  35614  (modified  614)  changed  its 
calibration  by  seven  percent  between  monthly  constancy  checks  (L.  E. 
Sweeney,  personal  communication,  1985),  but  monitoring  the  feedback 
voltage  with  an  external  DVM  proved  that  the  problem  was  only  in  the 
analog-to-digital  conversion.  In  addition,  Keithley  auto-ranging  digital 
readouts  have  been  known  to  develop  a  nonlinearity  of  up  to  three 
percent  (personal  observation,  1983).  Consequently,  the  user  of  such 
instruments  is  strongly  encouraged  to  frequently  intercompare  the 
internal  digital  readout  with  an  external  one  at  one-third  and  two-thirds 
full  scale.  A  major  deficiency  of  Keithley  electrometers  converted  to 
dosimeters  is  that  they  do  not  have  the  ability  to  measure  their  own  bias 
voltage;  and  because  the  Eveready  416  (67-!^ V)  batteries  have  a  history 
of  failing  with  an  open  circuit,  the  user  should  measure  the  bias 
frequently.  Another  shortcoming  is  that  the  currently  available  35614  and 
35617  models  have  only  a  single  coulomb  scale.  If  that  capacitor  or  the 
switches  that  engage  it  fail,  the  user  must  get  another  dosimeter  to  finish 
the  measurements.  The  Keithley  617  (or  35617)  is  programmable,  stores 
and  retrieves  up  to  100  readings,  and  has  an  IEEE-488  interface  for 
computer  control.  It  is  not  battery  operated. 

The  new  Farmer  Dosemeter,  NEL  Model  2570,  is  microprocessor 
controlled  that  allows  automatic  correction  of  readings  with  keyboard 
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entry  of  pressure,  temperature,  and  chamber  calibration  factors.  It  has  an 
internal  clock  for  timed  measurements,  is  battery  opeated,  and  has  a 
convenient  storage  compartment  for  the  ion  chamber.  The  0.03,  0.6,  or 
600  cubic  centimeter  NEL  chambers  each  can  be  directly  read  in  terms  of 
exposure  or  dose.  In  addition,  any  chamber  can  be  used  with  the  charge 
function.  The  instrument  is  deficient  in  that  it  does  not  have  a  rate  mode, 
and  the  least  significant  digit  is  a  partial;  reading  only  a  0,  3,  5,  or  7. 
Other  possible  limitations  are  a  maximum  continuous  input  charge  rate 
for  the  low  range  of  only  6nA  and  a  250V  polarizing  voltage. 

The  Precision  Radiation  Measurement  Dosimeter,  model  SH-1,  is  the 
most  recent  introduction  to  the  market  place.  It  utilizes  5V  logic 
switching  that  allows  it  to  trip  a  timer  for  timed  exposures.  The  power 
on-off  switch  incorporates  an  automatic  check  of  all  voltages,  similar  to 
the  Farmer  dosemeters.  Additional  conveniences  include  rechargeable 
battery  operation,  user’s  choice  of  front  or  rear  panel  signal  input,  and 
rate  or  integrate  modes  for  charge  or  direct  reading. 

The  Victoreen  500  Precision  Electrometer  allows  five  different 
Victoreen  chambers  to  be  direct  reading  in  exposure  or  exposure  rate, 
but  also  has  nC  and  pA  functions  suitable  for  use  with  any  chamber.  A 
special  convenience  is  the  provision  for  both  triaxial  and  coaxial  chamber 
inputs.  The  coaxial  input,  however,  uses  a  UHF  connector  for  signal  and 
an  SMA  connector  for  bias  voltage,  and  a  few  users  have  experienced 
insulation  breakdown,  resulting  in  loss  of  bias. 

Conclusion 

The  foregoing  discussion  indicates  that  the  choice  of  an  appropriate 
dosimeter  is  not  an  easy  task.  One  must  carefully  weigh  the  various 
options,  features,  and  characteristics  to  determine  which  dosimeter  would 
best  meet  his  or  her  requirements.  Then  the  dosimeter  should  be  critically 
analyzed  to  insure  that  it  is  functioning  properly,  and  an  appropriate 
quality  assurance  program  must  be  established  (Rozenfeld  and  Jette, 
1984).  Furthermore,  it  should  be  obvious,  to  everyone  but  an 
administrator,  that  no  single  dosimeter  is  appropriate  for  every 
measurement  situation.  Just  as  a  mechanic  must  have  several  kinds  and 
sizes  of  screw  drivers  so  must  the  radiation  physicist  have  several  kinds 
and  sizes  of  ion  chambers  with  appropriate  electrometers  to  accomplish 
the  necessary  tasks. 
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HIGH-DOSE-RATE  REMOTE  AFTERLOADER— A  NEW 
APPROACH  IN  RADIOACTIVE  IMPLANT  THERAPY 

Saiyid  M.  Shah 

St.  Mary’s  Medical  Center,  3700  Washington  Avenue,  Evansville,  Indiana  47750 


Abstract. — Presently,  low-dose-rate  capsules  of  Cesium-137,  Iridium-192,  Iodine-125, 
and  Gold- 1 98  radioactive  material  most  commonly  are  used  in  implant  therapy 
(brachytherapy).  Various  days  of  hospitalization,  radiation  exposure  of  medical  and  nursing 
staff,  inaccurate  and  uncontrolled  positioning  of  sources,  and  limited  options  (especially  in 
gynecological  implants)  are  some  of  the  problems  with  these  types  of  implants.  The 
availability  of  a  high-dose-rate  remote  afterloader  with  programmable  irradiation  times  for 
closely  spaced  source  positions  could  solve  most  problems  of  conventional  implant  therapy. 
At  St.  Mary’s  Medical  Center  a  high-dose-rate  afterloader  (Gamma  Med  II)  is  being  used 
for  implant  therapy  including  bronchial  and  brain  implants.  The  clinical  results  show  a 
promising  future  for  this  modality  in  the  treatment  of  cancer.  However,  the  physics  and 
radiobiological  data  are  still  limited.  Physical  dosimetry,  dose  optimization  procedures,  and 
time-dose  relationships  are  among  the  areas  that  offer  a  challenge  to  the  physicist.  Key 
words:  radioactive  implant  therapy;  radiation  exposure;  high-dose-rate  remote  afterloader. 

Soon  after  the  discovery  of  radium  and  polonium  by  Pierre  and 
Marie  Curie  in  1898,  the  biological  action  of  this  radiation  was  observed 
and  utilized  for  medical  purposes.  The  Curies  loaned  a  small  amount  of 
radium  to  a  physician  friend  who,  in  1900,  began  treating  skin  lesions. 
However,  little  is  known  of  his  success  or  failure. 

In  the  United  States,  Robert  Abbe  was  among  the  first  to  use  radium 
therapy.  He  began  his  work  in  1903  and  by  1906  had  treated  125  patients 
(Abbe,  1906)  by  superficial,  intracavitary  and  interstitial  therapy.  Abbe 
(1913)  reported  the  first  cure  of  the  uterine  cervix,  which  had  been 
treated  seven  years  previously. 

Radium  therapy  led  to  the  development  of  implant  therapy,  also 
known  as  brachytherapy.  This  is  a  method  of  tumor  treatment  in  which 
sealed  radioactive  sources  are  used  to  deliver  radiation  at  a  short  distance 
(Fig.  1). 

In  general,  these  sources  have  activities  in  the  order  of  milli-curies.  As 
such,  this  therapy  is  sometimes  also  termed  low-dose-rate  therapy  and 
most  of  the  time  utilized  in  combination  with  external  beam  treatments. 
A  high  radiation  dose  can  be  delivered  locally  to  the  tumor  with  rapid 
dose  fall-off  in  the  surrounding  normal  tissue.  Implant  therapy  may  be 
divided  into  three  categories. 

1.  Interstitial  implants  are  comprised  of  radioactive  needles  or  small 
radioactive  seeds  that  are  inserted  into  a  lesion  or  into  tissue  in  the 
immediate  vicinity  of  a  lesion — for  example,  head  and  neck,  brain, 
breast,  or  prostate.  There  are  basically  two  types  of  interstitial  implants— 
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Figure  1.  Types  of  encapsulated  radioactive  sources  used  in  iterstitial  and  intracavitary 
therapy  (drawing  has  different  scales). 


temporary  and  permanent.  In  a  temporary  implant,  the  sources  are 
removed  after  the  desired  dose  has  been  delivered  (for  example,  radium 
needles,  irridium  needles,  and  seeds).  In  a  permanent  implant,  the  sources 
are  left  permanently  in  the  implanted  tissue — for  example.  Gold- 198, 
Iodine-125,  Radon-222. 
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2.  Intracavitary  implants  are  comprised  of  radioactive  sources  placed 
in  a  body  cavity.  Most  intracavitary  implants  are  used  for  the  treatment 
of  cancer  of  the  cervix,  uterus,  and  vagina.  A  variety  of  applicators  have 
been  designed  to  hold  the  sources  in  a  fixed  configuration.  A  cervical 
applicator  basically  consists  of  a  central  tube,  referred  to  as  the  tandem, 
and  lateral  capsules  or  ovoids.  The  ovoids  are  separated  from  each  other 
by  spacers. 

3.  Molds  or  plaques  are  comprised  of  radioactive  sources  that  are 
displayed  slightly  above  the  skin  in  the  region  of  superficial  lesion.  Molds 
and  plaques  have  been,  to  a  large  extent,  superseded  by  treatment  with 
superficial  x-rays  or  electrons. 

Currently,  the  use  of  artificially  produced  radionuclides  such  as 
Cesium-137,  Iridium-192,  Gold-198,  and  Iodine-125  is  rapidly  increasing. 
As  a  matter  of  fact,  the  radium  tubes  and  needles  have  been  practically 
replaced  by  Cesium-137.  The  physical  characteristics  of  common 
radionuclides  used  in  brachytherapy  are  given  in  Table  1. 


Implant  Therapy — A  Review 


Through  the  early  experience  in  radium  therapy,  it  quickly  became 
evident  that  the  quantity  of  radiation  delivered  to  a  tumor  was  important 
and  that  accurate  determination  of  dose  was  necessary.  Rolf  Sievert 
(1921)  described  a  method  for  calculation  of  the  dose  from  filtered 
gamma  ray  sources  using  what  is  now  known  as  Sievert  integral.  The 
method  consists  of  dividing  the  line  source  in  small  elementary  sources 
and  applying  inverse  square  law  and  filtration  correction  to  each.  For  a 
source  of  activity  A  (unfiltered  activity),  the  exposure  rate  at  a  point  of 
interest  in  free  space  may  be  given  by  the  expression: 


X  =  A-(Ta)*G(r,0)  •  a  (r,0). 


where  G(r,0)  is  = 


_ ! _  Point  source  approx. 

/•^ 

£\  _ n 

— _ —  Linear  source  approx. 


L-h 


e— ^tt  Point  source  approx. 
rOi 

1  I  —ptSQcO  Line  source  approx. 


e  dt 


The  lengths  and  angles  are  shown  in  Figure  2  where:  L  =  active  length  of 
the  line  source;  t  =  thickness  of  the  encapsulation  material;  p  =  effective 
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Table  1.  Physical  characteristics  of  radionuclides  used  in  brachytherapy. 


Radionuclide 

Half-life 

Photon  energy 
(MeV) 

Half-value 

layer 

(mm  lead) 

Exposure 
rate  constant 
Rcm/mCi-h 

Ra-226 

1600  years 

0.047-2.45 
(0.83  avg) 

8.0 

8.25'’^ 

Rcm/mg-h 

Rn-222 

3.83  days 

0.47-2.45 
(0.83  avg) 

8.0 

10.15''^ 

Co-60 

5.26  years 

1.17,  1.33 

11.0 

13.07^ 

Cs-137 

30.0  years 

0.662 

5.5 

3.26' 

Ir-192 

74.2  days 

0.136-1.06 
(0.38  avg) 

2.5 

4.69' 

Au-198 

2.7  days 

0.412 

2.5 

2.38' 

1-125 

60.2  days 

0.028  avg 

0.025 

1.46' 

'in  equilbrium  with  daughter  products. 
^Filtered  by  0.5  mm  Pt. 

^  Unfiltered. 


Figure  2.  Geometry  for  the  calculation  of  oblique  filteration  from  a  linear  source. 
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400r*  • 


Figure  3.  Percent  dose  variation  with  distance  in  water  for  point  sources  of  Cobalt-60, 
Radium-226,  Cesium-137,  Gold-198,  Iridium-192,  Iodine-125. 

absorption  coefficient  of  the  encapsulation  material;  (Tg)®  =  exposure 
rate  constant  for  a  bare  point  source  of  the  radionuclide;  G(r,0)  = 
geometry  factor;  a(r,6)  =  dimensionless  quantity  that  accounts  for 
attenuation  and  scattering  in  the  source  material  and  encapsulation. 

For  a  point  source  with  spherical  encapsulation,  ae(r,0)  is  a  constant 
that  depends  upon  photon  energy  and  encapsulation  thickness.  For  small, 
but  heavily  filtered,  sources  the  effect  of  anisotropy  may  be  large.  This  is 
often  handled  by  an  anisotropy  correction  factor  that  is  calculated  by 
integrating  the  angular  exposure  rate  over  all  solid  angles.  For  a  linear 
source,  is  a  function  of  r  and  6  and  is  proportional  to  the  Sievert 
integral.  Sievert’s  intergral  can  be  evaluated  by  numerical  methods.  | 

The  same  results  can  be  obtained  with  other  methods  but  exposure  rate 
at  a  specified  distance  has  been  customarily  the  method.  However,  it 
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Figure  4.  a)  Tumor  before  the  treatment  and  radioactive  Gold-198  seed  implant;  b/c)  AP 
and  lateral  radiographs  after  the  radioactive  seed  implant;  d)  patient  after  treatment. 


must  be  noted  that  the  quantity  exposure  is  in  the  process  of  being 
phased  out.  The  British  and  most  European  standard  laboratories  already 
have  replaced  exposure  to  the  quantity  Air  Kerma  and  the  United  States 
is  expected  to  follow  suit  in  the  near  future.  When  a  source  is  implanted 
in  tissue  one  needs  also  to  consider  attenuation  as  well  as  scattering  in 
surrounding  tissue.  The  exposure  rate  calculated  at  a  point  in  tissue  then 
can  be  converted  into  absorbed  dose  by  using  the  appropriate  factors. 
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Figure  4d. 


It  is  instructive  to  study  the  dose  fall-off  with  distance  in  tissue  as 
shown  in  Figure  3  representing  a  plot  of  percent  dose  as  a  function  of 
distance  in  water  for  point  sources  of  Cobalt-60,  Radium-226,  Cesium- 
137,  Gold-198,  Iridium-192,  and  Iodine-125.  These  plots  also  are 
compared  with  the  inverse  square  law  function  (Khan,  1984).  These  data 
show  that  over  a  distance  of  about  five  centimeters  the  percent  dose  rates 
for  Radium-226,  Cobalt-60,  and  Cesium- 137  are  about  equal  and  exhibit 
a  slight  decrease  below  inverse  square  law  due  to  tissue  attenuation.  On 
the  other  hand,  the  curves  for  Iridium- 192  and  Gold- 198  are  practically 
indistinguishable  from  the  inverse  square  law  curve  up  to  5.0  centimeters. 
The  dose  distribution  for  Iodine- 125  progressively  deviates  from  the 
inverse  square  law  due  to  increased  tissue  attenuation  for  this  isotope. 
However,  up  to  about  one  centimeter,  all  the  curves  are  indistinguishable 
due  to  severity  of  the  inverse  square  law  effect  at  short  distances. 

Numerous  systems  of  calculations  have  been  in  use  over  the  past  50 
years  to:  a)  determine  the  distribution  and  type  of  radiation  sources  to 
provide  optimum  dose  distribution;  and  b)  provide  a  complete  dose 
distribution  in  the  irradiated  volume.  Of  these,  the  Paterson-Parker 
system  (Merideth,  1967)  and  the  Quimby  system  (Glasser  et  al.,  1961) 
received  the  most  widespread  use.  These  and  other  systems  were  designed 
during  the  times  when  computers  were  not  available  for  routine  treatment 
planning.  Extensive  tables  and  elaborate  rules  of  source  distribution  were 
devised  to  facilitate  the  process  of  manual  treatment  planning.  Computer 
calculations  of  an  implant  dose  distribution  consist  basically  of  repeated 
calculations  of  dose  at  a  given  point  for  each  of  the  implant  sources.  The 
total  dose  at  a  given  point  is  determined  by  summing  the  individual 
source  contributions.  Point  dose  rates  are  computed  for  each  of  a  grid  of 
points  arranged  in  a  cubic  lattice  so  that  isodose  curves  may  be  generated 
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Figure  5.  Breast  implant  with  Iridium-192  seeds. 


in  any  arbitrary  plane.  Figures  4-7  show  various  implants  using  Gold-198 
seeds,  Iridium- 192  seeds,  Radium-226  needles,  and  gynecological  implant 
using  Cesium-137. 

High-Dose-Rate  Remote  Afterloader 

The  long  overall  irradiation  time  necessary  in  the  low-dose-rate 
treatment  has  been  the  result  of  technological  limitations  like  relatively 
low  specific  activity  rather  than  the  superior  radiobiological  effects.  This 


Figure  6.  Base  of  tongue  implant  with  radium  needles. 
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Figure  7.  Radiograph  showing  the  Cesium-137  applicators  in  gynecological  implants. 


results  in  long  hospitalization  of  patients.  In  GYN  procedures,  the 
patients  have  to  lie  on  their  back  for  36  to  72  hours  which  sometimes 
results  in  other  medical  problems.  In  addition  to  the  patient’s 
inconvenience  and  enormous  cost  of  hospitalization,  personnel  attending 
the  patient  usually  receive  unnecessary  radiation  exposure.  Remote 
afterloading  techniques  were  developed  to  reduce  the  exposure  to 
personnel. 

Historically,  remote  afterloading  is  an  early  concept  in  radiation 
therapy  that  was  first  proposed  by  Sievert  (1937).  It  was  used  initially  at 
Radiumhemmet  in  Stockholm  for  small  (five  to  10  grams)  radium  bombs 
mainly  for  the  treatment  of  head  and  neck  tumors.  Walstam  (1975) 
working  at  the  Radiumhemmet  used  the  bomb  design  to  construct  a 
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Figure  8.  AP  and  lateral  views  of  lung  implant  dosimetry  to  deliver  a  dose  of  600  rads  at 
one  centimeter  in  tissue. 
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remote  afterloading  device  for  intracavitary  applicators.  While  the 
principle  of  remote  afterloading  was  well  established,  its  initial  design  was 
wrought  with  technical  difficulties.  Henscke  and  associates  (Henscke  et 
al.,  1964)  at  Memorial  Hospital  in  New  York  developed  a  moving  source 
remote  afterloader.  The  year  1964  also  saw  the  introduction  of  Gamma 
Med  by  Mundinger  and  Sauerwein  (1966)  in  Freiburg,  Ralstron  by 
Wakabayashi  (Maswur  et  al.,  1971)  in  Hokaido,  and  the  Cathertron  by 
O’Connel  et  al.  (1967)  in  London.  This  early  developmental  activity, 
which  by  1964  had  resulted  in  prototype  machines,  subsequently  led  to  a 
number  of  commercially  marketed  remote  afterloaders,  some  of  which 
are  listed  in  Table  2. 

Most  of  these  high-dose  remote  afterloaders  are  only  suitable  to  be 
used  in  intracavitary  gynecological  applications.  A  significant  advance  in 
remote  afterloader  technology  was  achieved  by  incorporating  stepping- 
motor  control  of  source  position  in  the  design  of  the  Gamma  Med  unit 
(Isotopen  Technik,  Essen,  West  Germany).  This  is  a  unique  unit  capable 
of  intracavitary  and  interstitial  implants  anywhere  a  tube  or  a  needle  can 
reach.  In  this  unit,  an  Iridium- 192  10  Ci.  nominal  activity  source  of  one 
millimeter  in  diameter  is  laser-welded  at  the  end  of  a  flexible  cable.  The 
source  may  be  positioned  sequentially  at  each  of  20  locations  spaced 
either  half  a  centimeter  or  one  centimeter  apart  within  the  treatment 
catheter.  Individual  dwell  times  (in  seconds)  are  specified,  via  a  console 
key  board,  on  the  assumption  of  a  10  Ci  source  activity,  actual  dwell 
times  are  corrected  automatically  for  decay,  using  the  treatment  date 
entry  by  an  internal  microprocessor.  This  stepping  source  technique  also 
is  relatively  more  suitable  for  optimization  procedures  than  other  source 
driven  mechanisms. 

High-dose-rate  remote  afterloaders  became  quite  popular  in  Europe 
and  Japan  (after  their  commercial  availability).  By  the  end  of  1980,  there 
were  86  high-dose-rate  afterloaders  in  use  in  Japan.  However,  their  use 
had  been  quite  limited  in  the  United  States.  Surprisingly,  by  the  end  of 
1982,  there  were  only  three  units  in  operation.  Until  1983,  there  was  only 
one  Gamma  Med  unit  operational  in  this  country  (Memorial  Hospital, 
New  York).  Two  units  were  installed  in  late  1983.  One  at  Georgetown 
University,  Washington,  D.C.,  and  the  other  at  St.  Mary’s  Medical 
Center,  Evansville,  Indiana.  Since  then,  it  has  been  used  extensively  for 
implants  at  St.  Mary’s. 


Dose  Optimization 

The  dose  at  various  positions  in  an  implant  by  high-dose  remote 
afterloader  can  be  determined  by  conventional  methods  described  earlier. 
The  added  advantage  of  this  technique  is  the  dose  optimization.  The 
pioneering  dose  optimization  work  for  stepping  source  mode  of  remote 
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Figure  9.  Dose  optimization  for  a  Kumar  gynecological  applicator  (AP  and  lateral  views) 
to  deliver  a  dose  of  600  rads  at  point  A. 

afterloader  has  been  done  by  Busch  in  Germany.  In  the  optimization 
scheme  of  Busch  et  al.  (1977),  the  desired  dose  is  specified  at  a  number  of 
points,  say  n,  equal  to  the  number  of  source  locations  to  be  used. 
Solution  of  a  set  of  n  linear  equations  yields  a  set  of  n  dwell  times,  the 
“unknowns,”  which  in  principle  would  give  precisely  the  desired  doses  at 
the  n  point.  The  dose  (Di)  at  the  point  is  calculated  by  addition  of  the 
doses  (Dij)  coming  from  each  source  position]: 

m 

Di  =  X  Dij  (i  =  1— n) 

j=l 

Dij  =  ’ 
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Figure  9.  Lateral  view. 


where  A  =  source  activity;  T  =  gamma  dose  rate  constant;  rij  =  distance 
between  source  position  j  and  i;.tj  =  dwell  times  (seconds)  spent  by  the 
source  in  position  j;  a(rij)  =  attenuation  factor  for  gamma  radiation  by 
soft  tissue  (negligible  for  distances  up  to  5  centimeters). 

However,  in  practice,  some  configurations  lead  to  negative  dwell  times 
at  one  or  more  source  positions;  in  such  cases,  the  troublesome  positions 
are  excluded  (dwell  times  assumed  equal  to  zero  a  priori)  in  a  subsequent 
calculation  involving  a  new  smaller  number  of  desired  dose  points  (and 
of  linear  equations)  equal  to  the  remaining  number  of  source  positions. 
The  result  is  a  compromise  to  the  extent  that  the  dose  at  excluded  dose 
points  will  be  different  from  the  desired  dose  (usually  by  only  a  few 
percentage  points). 

Lindskoug  (1981)  in  Sweden  developed  an  interactive  optimization 
procedure  assuming  that  the  transportation  time  between  the  stopping 
points  is  negligible  and  the  source  is  approximated  as  a  point  source. 
Anderson  et  al.  (1982),  at  Memorial  Hospital,  New  York,  also  developed 
a  dose  optimization  program  based  on  an  analytic  least  squares  algorithm 
and  incorporating  the  same  uniformity  and  symmetry  options. 
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Figure  10.  Dose  optimization  for  a  3  mm-gynecological  straight  tandem  to  deliver  a  dose 
of  600  rads  at  Point  A. 

The  Busch  and  Anderson  programs  are  primarily  applied  to 
gynecological  applications.  Lindskoug’s  dose  optimization  program  can 
be  used  for  interstitial  implants  also.  Dose  optimization  for  high-dose- 
rate  afterloader  is  a  new  challenge  to  physicists.  Some  of  the 
semicomputerized  optimizations  done  at  St.  Mary’s  Medical  Center  are 
presented  in  Figures  8-11. 

Clinical  Applications  at  St.  Mary’s  Medical  Center 

In  view  of  high  local  failure  rate  in  patients  with  inoperable  carcinoma 
of  the  lung,  a  technique  for  intrabronchial  irradiation  was  developed  at 
St.  Mary’s  Medical  Center  (Korba  et  al.,  1985;  Spear  et  al.,  1986).  This 
technique  is  unique  in  its  application  and  delivers  a  desired  localized  high 
dose  rate  that  could  not  have  been  done  otherwise  (Fig.  12).  All  patients 
have  biopsy-proven,  nonsmall  cell  carcinoma  of  the  lung.  Intrabronchial 
radiation  was  given  in  addition  to  external  beam  therapy.  One  hundred 
and  twenty-six  patients  have  been  treated  with  encouraging  results 
(Korba  et  al.,  1986).  The  following  are  examples  of  some  other  types  of 
implants  that  have  been  performed  at  St.  Mary’s  Medical  Center  with 
Figures  13-17  showing  some  of  these  implants:  breast,  brain,  neck,  t-tube, 
gynecological,  esophagus,  tongue,  pleura,  groin,  lip,  nasopharynx,  ureter, 
trachea,  rectum,  abdominal  wall,  bladder  neck,  tonsil,  nasal  septum, 
palate. 


REMOTE  AFTERLOADER  IN  RADIOACTIVE  THERAPY 


217 


Figure  II.  Dose  optimization  for  a  brain  implant  with  five  needles  to  deliver  a  dose  of 
1000  rads  at  the  surface  of  a  cylinder  four  centimeters  in  diameter  and  four  centimeters 
in  length:  a)  AP  view;  b)  cross-section  view  at  the  center;  c)  cross-section  view  two 
centimeters  above  center. 


Advantages 

All  implants,  including  intrabronchial,  are  being  performed  at  St. 
Mary’s  Medical  Center  on  outpatient  basis.  Among  other  things,  this  has 
been  a  great  benefit.  Some  of  the  sites  and  patients  that  never  would 
have  been  treated  otherwise  now  can  be  treated.  An  example  is  an  86- 
year-old  female,  who  could  not  have  had  a  conventional  gynecological 
application  and  was  treated  under  local  anesthesia  only,  with  four 
applications  in  four  weeks.  The  University  of  California,  San  Diego, 
originally  used  the  high-dose-rate  afterloader  (cathertron)  for  indigent 
patients  (Utley  et  al.,  1984),  who  were  unable  to  afford  the  high  medical 
costs  associated  with  hospitalization.  Now  it  is  an  instrument  of  choice 
there  for  patients  unable  to  undergo  anesthesia  or  prolonged  bed 
confinement.  It  is  being  used  for  elderly  women  and  those  with 
cardiopulmonary,  arthritic,  or  other  severe  medical  problems.  The 
following  are  other  advantages  of  high-dose-rate  remote  afterloaders:  1) 
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Figure  12.  Radiographic  views  (AP  and  lateral)  of  catheter  in  place  for  bronchial  implant 
using  the  Gamma  Med  high  dose  afterloader.  The  markers  are  inserted  before 
radiographs  are  taken  for  computer  dosimetry. 


no  radiation  exposure  to  the  personnel  involved  in  the  treatment 
procedure;  2)  cost  effectiveness;  3)  local  anesthesia;  4)  improved  patient 
tolerance  secondary  to  utilization  of  applicators  for  short  durations;  5) 
control  over  dose  distribution. 

Disadvantages 

The  main  disadvantages  of  this  technique  are  the  long-term  experience 
with  different  fractionation  schedules  in  primary  cancer  treatments,  the 
paucity  of  reporting  five-year  results,  and  the  limited  data  on  late 
complications.  Radiobiology  of  high  dose  rate  as  opposed  to  low  dose 
rate  has  not  yet  been  conclusively  determined  either. 
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Figure  13.  a)  Breast  implant  with  high  dose  afterloader;  b)  breast  three  months  after  the 
treatment. 


Future  Potential 

Even  with  the  limited  data  available,  the  future  of  high-dose-rate 
brachytherapy  seems  promising.  There  are  other  venues  that  have  not  yet 
been  tested,  but  hold  a  great  potential. 

High-dose-rate  implant  therapy  could  be  combined  with  radiation 
sensitizers.  Because  of  the  short  overall  time  of  each  treatment,  high 
doses  of  cytotoxic  drugs  could  be  administered  with  high-dose-rate 
implant  followed  by  systemic  rescue  from  normal  tissue  toxicity.  The  use 
of  combined  hyperthermia  and  high-dose-rate  implant  therapy,  especially 
interstitial  hyperthermia,  is  quite  feasible. 
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Figure  14.  Radiograph  view  (AP)  of  brain  implant.  Needle  placement  is  done  using  a 
stereotactic  jig  under  CT  imaging. 


Figure  15.  Radiographic  view  (AP)  of  a  tube  inserted  for  the  treatment  of  bile  duct. 
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Figure  16.  Radiographic  view  (lateral)  of  a  needle  implant  for  the  treatment  of  a  tumor  in 
the  soft  palate. 
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Table  2.  Commercially-produced  remote  afterloaders. 


Radio- 

Number 

Treatment 

Apparatus 

Company 

nuclide(s) 

channels 

mode 

Brachytron 

AECL 

Co-60 

3 

Osc 

Buchler 

Buchler 

Ir-192 

Cs-137 

3 

Osc 

Cathetron 

TEM 

Co-60 

3 

Fixed 

preloaded 

Cervitron  H 

Nuclesa 

Cs-137 

6 

Fixed 

programmable 

Curietron 

CGR, 

Cs-137 

4 

Fixed 

Gamma-Med  Hi 

Isotopen 

Ir-192 

12 

Stepping 

Technik 

programmable 

Ralstron 

Shimadzu 

Co-60 

6 

Fixed 

preload 

Selectron 

Nucletron 

Cs-137 

6 

Fixed 

Ir-192 

programmable 

Conclusion 

In  conclusion,  it  can  be  said  that  the  high-dose-rate  remote  afterloader 
provides  not  only  a  way  to  obtain  dose  distributions  as  near  as  possible 
to  those  previously  used  with  conventional  methods,  but  also  has  the 
capability  to  make  corrections  and  additions  that  are  clinically  desired.  It 
allows  for  rapid,  carefully  controlled  treatment  and  is  cost  effective. 
Patient  tolerance  is  excellent  with  no  severe  complications  common  with 
conventional  brachytherapy  such  as  thrombophlebitis,  pulmonary  embo¬ 
lus,  endometritis  resulting  from  bed  confinement  and  prolonged  use  of 
intrauterine  tandem,  or  urinary  tract  infection  resulting  from  catheteriza¬ 
tion  of  the  bladder.  High-dose-rate  remote  afterloader  affords  complete 
radiation  safety  for  hospital  personnel. 

Above  all,  it  opens  a  complete  new  venue  of  treatments  with  radiation 
not  possible  before.  However,  its  success  will  require  a  tremendous 
support  from  physicists  and  enthusiasm  of  radiation  oncologists. 
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Abstract. — Magnetic  resonance  imaging  is  one  of  the  most  exciting  applications  of 
physical  principles  in  diagnostic  medicine  today.  It  is  the  application  of  nuclear  magnetic 
resonance  to  produce  a  diagnostically  useful  medical  image.  To  introduce  this  new  tool,  we 
first  briefly  describe  the  phenomenon  of  nuclear  magnetic  resonance.  Next,  we  describe  data 
acquisition  techniques,  that  is,  how  an  image  can  be  reconstructed  from  the  nuclear 
magnetic  resonance  signals.  Then  we  present  some  routine  images  demonstrating  different 
pathology  that  is  amenable  to  study  by  magnetic  resonance  imaging  and,  finally,  describe  a 
proposed  extension  to  this  routine  clinical  work.  Key  words:  nuclear  magnetic  resonance; 
magnetic  resonance  imaging;  diagnostic  radiology. 


The  hydrogen  nucleus  appears  to  have  a  spin  and,  associated  with  the 
spin,  a  magnetic  moment  (Slichter,  1978;  Dixon  and  Ekstrand,  1982). 
When  the  nucleus  is  placed  in  a  magnetic  field,  the  interaction  of  the 
magnetic  moment  with  the  magnetic  field  produces  a  splitting  of  the 
nuclear  energy  level.  Orientation  of  the  nucleus  opposite  to  the  magnetic 
field  requires  slightly  more  energy  than  alignment  with  the  magnetic  field. 
Analysis  of  the  interaction  between  the  magnetic  moment  and  the 
magnetic  field  indicates  that  the  nucleus  will  change  from  one  energy 
state  to  the  other  if  the  right  amount  of  energy  (that  is,  radiofrequency 
energy  at  the  right  frequency)  is  provided.  The  resonance  frequency  is 
termed  the  Larmor  frequency  and  is  given  by  the  following  formula: 


Vo  -  y^ojiw 


The  frequency  depends  on  gamma,  the  physical  properties  of  the  nucleus 
which  do  not  change,  and  the  magnetic  field  strength.  Bo.  As  the 
magnetic  field  strength  increases,  the  resonant  frequency  increases.  A 
simple  apparatus  for  demonstrating  pulse  nuclear  magnetic  resonance 
could  consist  of  a  magnet,  a  radiofrequency  oscillator  and  a  radiofre¬ 
quency  receiver. 

If  we  look  at  the  expectation  (mean  value)  for  the  magnetic  moments 
of  a  large  assembly  of  nuclei,  we  find  that  they  behave  as  a  single 
magnetic  dipole  oriented  with  the  external  magnetic  field.  When  we  apply 
a  pulse  of  radiofrequency  energy,  that  bulk  magnetization  nutates  away 
from  the  magnetic  field  and  precesses  about  an  axis  parallel  to  the 
magnetic  field.  The  longer  the  radiofrequency  pulse  is  applied,  the  greater 
the  angle  of  nutation.  If  the  pulse  is  sufficiently  long,  the  magnetic 
moment  will  end  up  in  a  plane  perpendicular  to  the  external  magnetic 
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field.  A  pulse  of  exactly  this  length  is  termed  a  90°  pulse.  When  the  bulk 
magnetization  lies  in  the  perpendicular  plane  it  continues  to  precess 
about  the  axis  parallel  to  the  external  magnetic  field.  A  radio  receiver 
can  detect  the  component  of  the  bulk  magnetization  that  rotates  in  this 
perpendicular  plane.  If  the  applied  radiofrequency  energy  lasts  longer 
than  a  90°  pulse,  the  bulk  magnetization  continues  to  nutate  until  it  lies 
in  a  direction  opposite  to  the  external  magnetic  field.  A  pulse  that  lasts 
exactly  this  long  is  called  a  180°  pulse.  The  behavior  of  the  bulk 
magnetization  is  governed  by  the  Bloch  equations  (Slichter,  1978).  We 
will  mention  the  Bloch  equations  again  later. 

When  the  bulk  magnetization  lies  in  the  perpendicular  plane  there  are 
two  things  that  will  happen  to  it.  First,  as  the  atoms  containing  the  nuclei 
experience  interactions  with  other  atoms  due  to  thermal  energy,  the 
excited  nuclei  will  transfer  their  excess  energy  and  return  to  the  ground 
state.  As  there  are  less  and  less  excited  nuclei,  the  bulk  magnetization 
returns  to  its  initial  state  parallel  to  the  external  magnetic  field. 
Therefore,  the  nuclear  magnetic  resonance  signal  decreases,  or  decays, 
with  the  decreasing  number  of  excited  nuclei.  The  decrease  is  exponential 
and  is  characterized  by  a  time  constant,  denoted  Tl,  called  the  spin 
lattice  relaxation  time. 

There  is  a  second  mode  of  decay  for  the  nuclear  magnetic  resonance 
signal.  Even  though  the  main  magnetic  field  is  extremely  uniform  from 
point  to  point,  there  are  small  inhomogeneities  in  the  magnetic  field. 
These  inhomogeneities  arise  from  two  specific  causes:  First  is  the 
interaction  with  minute  magnetic  fields  caused  by  other  nearby  nuclear 
spin  designated  as  spin/ spin  interactions.  Because  of  these  non¬ 
uniformities  some  individual  nuclei  precess  slightly  faster  than  others, 
resulting  in  dephasing  of  nuclei  and,  hence,  a  reduction  of  the  bulk 
magnetization.  Even  though  the  bulk  magnetization  still  lies  in  the 
perpendicular  plane  its  value  is  zero  because  the  individual  nuclei  that 
contribute  to  the  bulk  magnetization  are  randomly  distributed  and,  thus, 
cancel  each  other.  This  dephasing  is  also  an  exponential  process  which  is 
characterized  by  a  time  constant  designated  T2,  known  as  the  spin/ spin 
relaxation  time. 

A  second  source  of  magnetic  field  inhomogeneity  results  in  signal 
dephasing.  In  order  to  obtain  spatial  information  from  the  signal,  we 
superpose  a  small  nonuniform  magnetic  field  across  the  main  magnetic 
field.  The  result  of  this  linear  magnetic  field  gradient  is  that  nuclei  at  one 
location  precess  faster  than  nuclei  at  another  location.  In  this  case, 
however,  the  dephasing  is  not  random  but  is  a  function  of  location.  If, 
after  dephasing,  a  180°  pulse  is  applied,  the  fastest  precessing  nuclei 
would  now  lag  the  slowest  precessing  nuclei.  Because  of  the  relative  rates 
of  precession,  the  faster  nuclei  overtake  the  slower  nuclei.  The  nuclei 
eventually  rephase,  at  which  time  a  signal  can  be  detected.  Because  this 
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sequence  of  events  involves  an  initial  90°  excitation  pulse,  then  a  180° 
rephasing  pulse,  and  finally,  the  resulting  detected  pulse,  it  is  known  as  a 
spin  echo  pulse  sequence.  Currently,  the  spin  echo  pulse  sequence  is  the 
most  commonly  used  method  for  acquiring  magnetic  resonance  image 
data. 

The  strength  of  the  NMR  signal  detected  from  a  sample  depends  on 
several  variables.  The  magnitude  of  the  bulk  magnetization  which  is 
detected,  is  governed  by  the  Bloch  equations  presented  earlier.  If  the 
Bloch  equations  are  integrated  over  time,  subject  to  the  spin  echo  pulse 
sequence  boundary  conditions,  the  following  equation  describes  the 
intensity  of  the  NMR  signal.  (Here  it  is  also  assumed  that  the  pulse 
repetition  time  is  much  greater  than  the  interpulse  time.) 

laN(H)  (1  -  e“Tr/Tl)  (e-TE/T2) 

The  NMR  signal  intensity  depends  on  three  variables.  The  number  or 
concentration  of  hydrogen  nuclei,  the  ratio  TR/Tl  and  the  ratio  TE/T2. 
Therefore,  the  contrast  or  difference  in  signal  strength  from  two  different 
tissues  will  be  a  function  of  the  local  proton  concentrations,  the 
relaxation  times  (T1  and  T2,  which  are  characteristic  of  the  tissues)  and 
the  repetition,  TR,  and  echo,  TE,  times  of  the  particular  pulse  sequence 
used.  We  will  refer  to  this  contrast  in  signal  strengths  again  later. 

Data  Acquisition 

The  preceding  explanation  discussed  the  NMR  signal.  The  following 
explanation  describes  the  acquisition  of  NMR  signals  and  reconstruction 
of  signal  strength  into  an  image:  first,  conceptually  how  an  image  could 
be  formed;  then,  how  data  is  acquired  and  reconstructed  in  most  cases. 

In  order  to  generate  a  magnetic  resonance  image,  it  is  necessary  to 
have  a  magnet  large  enough  for  a  patient.  Most  magnets  are 
superconducting  solenoids  with  a  bore  diameter  of  approximately  50 
centimeters  and  a  length  of  approximately  180  centimeters.  The  magnetic 
field  may  have  uniformity  on  the  order  of  0.1  parts  per  million  over  a  10- 
centimeter  diameter  volume.  In  addition  to  that  magnetic  field,  we 
superpose  a  very  weak  non-uniform  magnetic  field  producing  a  saddle 
point  so  that  the  field  has  the  desired  value  at  only  one  single  point  in 
space.  Now,  only  that  point  is  resonant  at  a  specific  frequency  and  an 
NMR  measurement  gives  a  signal  from  that  location  only.  Next  we 
change  the  strength  of  the  small  magnetic  field  so  that  the  desired  field 
strength  exists  at  an  adjacent  location  and  take  a  second  NMR  signal 
measurement.  We  then  adjust  the  small  magnetic  field  again  to  another 
adjacent  location  and  take  an  NMR  signal  measurement.  In  this  manner, 
point  by  point,  we  map  the  NMR  measurements  for  the  area  that 
interests  us.  That  map  of  NMR  field  strength  is  different  from  point  to 
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Figure  la.  Normal  head  scan,  sagittal  view. 


Figure  lb.  The  normal  head  scan  showing  locations  for  the  scanner  to  generate  a  series  of 
axial  scans. 
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Figure  2.  Normal  head  scan,  axial  view:  a)  first  (early)  echo,  b)  second  (later)  echo. 
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Figure  3.  Normal  head  scan,  coronal  view. 


point  because  the  tissues  corresponding  to  a  particular  point  have  a 
specific  mobile  proton  concentration  T1  and  T2.  Therefore,  the  map  is  an 
image  with  the  contrast  that  reflects  tissue  characteristics. 

This  description  is  how  we  could  produce  an  image  but  do  not.  Such  a 
procedure  would  be  exceedingly  time  consuming.  In  order  to  speed  up 
the  process,  we  need  to  take  many  simultaneous  measurements. 

In  a  functional  MRI  system,  the  small  superposed  magnetic  field 
consists  of  three  orthogonal  linear  gradient  fields  (Mansfield  and  Morris, 
1982;  Pykett,  1982).  If  the  Z  gradient  along  the  bore  of  the  magnetic  is 
energized,  only  one  slice  of  the  patient  will  resonance  at  the  transmission 
frequency.  With  a  90°  pulse,  the  nuclei  in  that  slice  will  be  excited.  Then 
that  gradient  is  switched  off.  The  gradient  in  the  X  direction  is  switched 
on.  Now,  from  any  point  to  another  across  the  magnet  bore,  the  nuclei 
will  precess  at  slightly  different  rates  because  of  small  differences  in 
magnetic  field.  When  the  X  gradient  is  switched  off  the  nuclei  all  precess 
at  the  same  rate  again.  However,  the  bulk  magnetization  at  any  point 
carries  the  information  of  its  X  location  by  its  phase  value.  Now  the  Y 
gradient  is  switched  on  and  the  magnetization  from  point  to  point  along 
the  Y  axis  precesses  at  different  rates.  Hence,  a  radio  receiver  will  detect 
the  signal  across  a  band  width  or  range  of  frequencies  representing  the 
signals  from  different  points  along  the  Y  axis.  If  we  look  at  the  NMR 


MAGNETIC  RESONANCE  IMAGING 


231 


Figure  4.  Brain  tumor  surrounded  by  edema:  a)  sagittal  view,  b)  axial  view. 
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Figure  5.  Axial  view  of  normal  head  showing  cranial  nerves. 


signal  from  any  small  volume  element,  or  voxel,  that  signal  has  a 
frequency  unique  to  its  Y  position  in  the  body  and  a  phase  unique  to  its 
X  position  in  the  body.  The  total  signal  received  is  the  superposition  of  a 
large  number  of  signals,  each  at  a  particular  frequency  with  a  particular 
phase  angle  and  with  a  signal  strength  that  is  a  function  of  the  tissue 
located  at  the  XYZ  position  represented  by  that  frequency  and  phase 
angle.  Fourier  transformation  of  that  signal  produces  the  frequency 
spectrum  which  can  be  related  to  position  in  the  body  and  used  to 
construct  a  map,  as  previously  discussed.  This  is  the  method  currently 
used  in  most  magnetic  resonance  imagers. 

Routine  Clinical  Studies 

The  following  images  are  routine  clinical  studies.  Figure  la  is  a  sagittal 
image  of  a  normal  head.  The  anatomy  is  very  striking  with  resolution 
approximately  one  millimeter.  This  represents  information  from  a  slice 
five  millimeters  thick.  MRI  can  provide  this  sagittal  view  or  views  in  an 
arbitrary  plane  unlike  computed  tomography,  which  can  only  give 
reconstructed  information  in  an  axial  plane.  At  the  outside  of  the  head 
there  is  a  very  bright  signal.  This  represents  the  fat  around  the  scalp  and 
is  due  to  the  fact  that  fat  has  a  short  T1  relaxation  time  compared  with 
other  tissues.  Next  to  that,  it  is  black — no  signal  at  all.  This  is  cortical 
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Figure  6.  Head  scan  showing  demyelinating  plaque  of  multiple  sclerosis:  a)  first  echo,  b) 
second  echo. 
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Figure  7.  Axial  head  scan  demonstrating  aneurysm  containing  clotted  blood. 


bone  and  there  is  no  signal  from  cortical  bone  since  there  is  little  water 
and  hence  few  mobile  protons  in  bone.  Cortical  bone,  as  well  as  air-filled 
sinuses,  contribute  no  signal  and  hence  are  black.  Other  structures  have 
varying  degrees  of  brightness  depending  on  the  relaxation  constants  of 
the  tissue.  Notice  the  spinal  cord.  There  is  reduced  signal  from  the 
vertebra  and  from  the  cerebrospinal  fluid  surrounding  the  cord. 

The  scan  plane  is  determined  electronically  by  the  magnetic  field.  In 
Figure  lb  on  the  sagittal  view,  the  physician  has  instructed  the  computer 
to  produce  scans  at  17  different  levels  through  the  brain.  Each  one  of 
those  scans  will  give  an  axial  view  like  the  one  in  Figures  2a  and  2b. 
These  views  are  the  same  position  in  the  head.  The  most  noticeable 
difference  is  in  the  brightness  of  different  structures  particularly  the 
cerebral  spinal  fluid  (CSF)  filling  the  ventricles.  In  2a,  the  CSF  is  darker 
than  the  surrounding  tissue.  In  the  2b,  the  CSF  is  brighter  than  the 
surrounding  tissue.  The  only  difference  in  producing  these  scans  was  in 
the  length  of  time  waited  to  produce  an  echo.  Remember  that  the  signal 
strength  depends  on  the  ratio  of  relaxation  time,  T2,  to  the  echo  time 
and  the  ratio  between  the  repetition  time,  TR,  and  Tl.  The  signal 
intensity,  therefore,  decays  at  a  different  rate  in  different  tissues.  The 
signal  from  CSF  decays  much  more  slowly  than  the  signal  from  the 
brain. 
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Figure  8.  Sagittal  a)  and  axial  b)  views  of  lumbar  spine  showing  protruding  disc  material. 
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Figure  9.  Image  of  knee  demonstrating  a  torn  meniscus. 


Figure  3  is  a  coronal  view,  again  demonstrating  that  the  MRI  can  form 
images  in  any  plane. 

Figures  4a  and  4b  show  a  brain  tumor  surrounded  by  edema.  Notice 
the  contrast  between  the  tumor  and  the  surrounding  tissue.  It  also  shows 
a  second  tumor,  the  small  bright  spot  that  is  circled.  Most  tumors  have 
relaxation  characteristics  much  different  from  normal  tissues  and  show 
great  contrast  on  MR  scans. 

Figure  5  is  an  axial  scan  which  shows  cranial  nerves  indicated  by 
arrows.  These  nerve  bundles  are  structures  of  approximately  two 
millimeters  diameter.  This  scan  was  performed  to  rule  out  an  acoustic 
neuroma,  a  small  tumor  which  grows  along  this  cranial  nerve. 

The  next  two  scans.  Figures  6a  and  6b,  demonstrate  MRI  findings  in 
multiple  sclerosis.  Again,  the  two  images  are  constructed  from  the  first 
and  second  (early  and  late)  echo  signals.  Figure  6a  is  sometimes  referred 
to  as  a  balanced  or  proton  density  image.  Historically,  multiple  sclerosis 
is  a  disease  diagnosed  by  exclusion.  If  a  patient  has  symptoms  and  results 
of  diagnostic  tests  for  other  diseases  with  similar  symptoms  are  negative, 
the  patient  is  diagnosed  as  having  multiple  sclerosis.  The  white  spots  in 
this  scan  are  areas  of  demyelination  in  the  brain.  With  a  history,  the 
MRI  scan  is  diagnostic  for  multiple  sclerosis. 
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Figure  10.  Coronal  a)  and  axial  b,c)  views  of  heart  in  diastole.  Figure  c  shows  noise 
generated  by  blood  moving  in  the  aorta. 
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Figure  10c. 


Figure  7  is  a  scan  from  a  patient  with  an  aneurysm,  a  bulging  vessel, 
on  the  left  (patient’s  right).  This  aneurysm  contains  some  clotted  blood. 

Figure  8a  shows  vertebrae.  The  arrows  indicate  points  where 
intervertebral  disc  material  protrudes  and  produces  pressure  on  nerve 
roots  at  the  L4-L5  and  L5-S1  levels.  Previously,  I  noted  that  there  is 
essentially  no  signal  from  cortical  bone,  however,  here,  the  vertebral 
bodies  are  visible.  This  signal  is  coming  from  the  marrow  rather  than  the 
osseous  portion  of  the  vertebra.  The  companion  image.  Figure  8b,  shows 
the  disc  material  protruding  on  the  patient’s  right  (viewer’s  left)  and 
probably  impinging  on  a  nerve  root. 

Figure  9  shows  a  knee  with  a  torn  meniscus. 

The  series  of  Figures  10a,  10b,  and  10c  show  a  heart  in  diastole.  On 
the  coronal  view,  the  left  ventricle  is  visible  as  well  as  a  small  amount  of 
signal  from  blood  in  that  ventricle.  This  is  a  normal  study.  Congenital 
malformations,  such  as  atrial-septal  defect,  ventricular-septal  defect, 
major  blood  vessel  anomalies  and  other  pathology  would  be  visible  on 
these  scans  if  present.  The  last  picture  of  that  series  shows  a  common 
problem  in  MRI.  The  noise  forming  a  vertical  band  is  the  result  of  blood 
moving  through  the  aorta.  Currently,  the  best  way  to  solve  that  problem 
is  to  swap  the  X  and  Y  axes  which  results  in  the  noise  forming  a 
horizontal  band  and  interfering  less  with  the  structures  of  interest. 
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Figure  II.  Sagittal  view  of  pelvis  showing  ovarian  cysts. 


Figure  11  is  a  sagittal  view  of  the  pelvis.  The  large  white  and  dark 
circular  structures  are  ovarian  cysts.  MRI  is  especially  useful  for  this 
study  because  of  the  access  to  information  in  the  sagittal  plane. 

These  scans  demonstrate  some  of  the  more  common  routine  studies 
performed  by  MRI.  New  capabilities  are  being  added  monthly.  One  area 
of  activity  is  data  acquisition  speed.  The  speed  of  a  scan  affects  both  the 
cost  and  quality  of  the  scan.  A  current  routine  scan  takes  between  30 
minutes  and  one  hour.  If  the  time  for  a  scan  drops  from  30  to  15 
minutes,  the  price  to  the  patient  may  drop  correspondingly.  Additionally, 
the  scans  are  very  sensitive  to  motion.  If  scan  times  can  be  reduced  to 
seconds  rather  than  minutes,  the  quality  of  the  scans,  particularly  in  the 
abdomen,  will  improve  significantly.  Current  fast  scan  techniques  utilize 
pulse  sequences  with  nutation  angles  less  than  90°  and  magnetic  rather 
than  radio  frequency  rephasing  pulses.  As  a  spinoff,  it  appears  that  these 
fast  scan  techniques  may  make  possible  angiography,  the  imaging  of 
blood  vessels  alone. 

In  the  past,  the  primary  use  of  nuclear  magnetic  resonance  has  been  in 
chemical  analysis  to  study  the  types  and  abundances  of  chemical  bonds  in 
a  substance  (Becker,  1980).  In  a  magnetic  resonance  image,  the 
information  represented  in  a  pixel  depends  on  the  proton  concentration 
and  relaxation  times  characteristic  of  the  tissue  in  the  corresponding 
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volume  element.  The  NMR  signal  also  contains  spectroscopic  informa¬ 
tion  and  thus  biochemical  information  about  the  tissue.  One  of  the  most 
promising  applications  at  the  current  time  is  the  distribution  of 
phosphorus  among  inorganic  phosphate,  adenosine  triphosphate  and 
phosphocreatin,  as  an  indicator  of  glycogenolysis  in  muscle  (Radda, 
1986).  Such  a  biochemical  assay  in  an  intact  organism  would  add  a 
completely  new  dimension  to  the  diagnostic  advantages  already  available 
from  magnetic  resonance  images. 
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PLACE  OF  PHYSICS  IN  A  HOSPITAL  SETTING 
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Abstract. — The  routine  duties  of  a  hospital  physicist  in  radiotherapy  and  health  physics 
are  outlined,  and  it  is  pointed  out  that  many  physicists  in  hospitals  are  entirely  preoccupied 
with  these  matters  to  the  exclusion  of  research  interests.  The  physics  effort  may  be  devoted 
to  the  immediate  benefit  of  patients;  this  does  not  imply  inferiority  of  intellect,  because  it 
suits  the  desires  of  the  physician  collaborator.  The  author’s  experience  in  England  and  the 
United  States  is  examined  with  reference  to  the  relative  attitudes  toward  collaboration  with 
physicians.  Young  physicists  entering  these  fields  should  not  imagine  that  there  are  good 
prospects  for  a  life  devoted  to  research  only.  Key  words:  radiotherapy;  hospital. 

I  have  previously  had  the  pleasure  of  speaking  to  you  in  a  rather 
informal  setting  about  physics  in  hospitals,  and  when  I  was  asked  to  take 
part  in  this  symposium  I  had  a  few  moments  of  apprehension.  A 
symposium  on  medical  physics  sounds  grand,  and  I  was  perfectly  certain 
that  all  my  distinguished  colleagues  here  today  would  use  the  opportunity 
to  present  their  latest  thoughts  and  activities  in  up-to-date  physics 
research — and  quite  appropriately,  too,  in  the  context  of  an  academic 
physics  department. 

I  felt  that  I  could  not  compete  with  this  sort  of  talk,  because  it  is  many 
years  since  I  have  done  any  formal  research,  and,  indeed,  it  has  never 
been  my  primary  interest.  I  determined,  therefore,  that  I  would  talk 
about  the  “dark  side”  of  medical  physics — some  people  would  even  call  it 
the  seamy  side  of  medical  physics — that  is  to  say,  service  work  in  a 
practical  hospital  setting.  I  have  no  bad  feelings  about  doing  this  because, 
in  the  United  States,  more  than  50  percent  of  all  radiotherapy  patients 
are  treated  in  centers  that  see  less  than  500  new  patients  per  year,  and 
there  are  many  physicists  such  as  myself  who  are  almost  exclusively 
occupied  with  mundane,  but  serious,  matters. 

I  will  restrict  my  discussion  to  radiotherapy  and  health  physics, 
inasmuch  as  I  know  more  about  them  than  any  other  branches  of  the 
subject. 

In  a  radiotherapy  department,  there  is  quite  a  bit  of  complicated  and 
expensive  equipment;  indeed,  the  replacement  value  of  equipment  in  my 
department  is  about  $2,000,000.  We  need  only  mention  linear  accelera¬ 
tors,  orthovoltage  generators,  simulators,  computers,  and  brachytherapy 
equipment  to  give  an  idea  of  the  range  of  equipment  available.  Much  of 
this  equipment  is  state-of-the-art  and  is  beautiful  and  works  well; 
however,  it  is  of  not  the  slightest  use  unless  it  works  at  the  time  one 
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needs  it.  A  physicist  can,  therefore,  be  called  upon  to  provide  first-line 
service  for  this  machinery,  because  it  is  obviously  ridiculous  to  call  in 
service  mechanics  from  distant  towns  when  a  fault  is  comparatively 
simple  and  can  be  rectified  quickly.  In  addition,  this  equipment  needs 
quality  control,  dosimetry,  standardization,  and  calibration  at  frequent 
intervals. 

A  large  quantity  of  x-ray  data  must  be  measured  on  each  of  these 
machines;  this  can  be  tedious  and  exacting,  although  extremely  good 
equipment  is  now  available — at  a  price.  We  have  heard  some  of  this 
equipment  described  this  afternoon,  and  I  find  it  superb.  We  were  not 
always  so  fortunate.  I  well  remember  the  day  when  it  took  three 
physicists  a  whole  afternoon  to  measure  enough  data  to  characterize  one 
x-ray  field;  nowadays,  we  have  got  it  down  to  one  physicist  working  for 
seven  minutes.  I  do  not  believe  the  assertion  of  some  of  my  older 
colleagues  that  “this  has  taken  all  the  fun  out  of  physics.” 

These  data  must  be  reduced  to  charts,  graphs,  and  tables  for  routine 
use;  in  addition,  the  data  also  may  be  used  as  input  to  a  computer.  In 
this  connection,  it  may  be  noted  that  some  computers  require  a  different 
data  format  and  input  to  that  which  has  commonly  and  traditionally 
been  measured  and  for  which  our  modern  data-acquisition  equipment  has 
been  designed.  This  is  because  of  the  highly  modelled  nature  of  the 
algorithms  of  these  computers,  and  caution  must  be  exercised  by  the 
physicist  using  them  as  to  whether  these  algorithms  are  sensible,  accurate, 
and  applicable  to  all  circumstances. 

All  these  data  must  then  be  applied  to  individual  patients  in  liaison 
with  the  physician.  This  work  can  be  sporadic  and  intermittent,  or  can  be 
concentrated  and  intense,  but  it  is  usually  fairly  urgent.  The  treatment 
set-up  can  be  as  simple  or  as  complex  as  we  wish  to  make  it.  The 
physicist  always  must  be  conscious  of  errors  and  limitations  in  his  data 
and  procedures,  but  it  is  safe  to  say  that,  for  many  years,  our  calculations 
have  been  better  than  the  physician’s  estimate  of  the  size  and  extent  of 
the  disease  we  are  treating,  and  better  than  the  accuracy  that  we  can 
routinely  attain  in  day-to-day  set-up  and  treatment. 

When  we  turn  our  attention  to  health  physics,  we  see  the  physicist  may 
be  responsible  for  running  the  routine  monitoring  service  for  the  whole  of 
the  hospital — not  just  his  own  department — with  all  its  multitudinous  and 
meticulous  paperwork.  This  is  not  merely  for  the  purpose  of  collecting 
statistics,  or  complying  with  legal  requirements,  but  to  provide  a  basis  for 
rational  action  aimed  at  reducing  staff  exposures.  The  physicist  is  also 
extensively  involved  in  the  design  and  surveying  of  new  installations,  with 
due  regard  to  economics. 

The  physicist  also  must  ensure  compliance  with  regulations  and  laws 
pertaining  to  x-ray  exposures.  This  is  sometimes  a  difficult  matter, 
because  many  state  and  federal  agencies  have  a  “finger-in-the-pie,”  and  it 
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is  sometimes  difficult  to  know  precisely  which  set  of  regulations  takes 
precedence. 

Always,  the  practice  of  health  physics  involves  education — both  of  the 
specialist  x-ray  worker  and  the  nonspecialist.  This  latter  group  may 
comprise  physicians^  who  regard  x  rays  as  a  tool  in  their  clinical  practice 
and  resent  any  efforts  to  restrict  their  use  thereof,  and  nonphysicians, 
who  may  have  been  poisoned  by  unbalanced  articles  in  the  press.  One 
quickly  learns  that  many  of  these  latter  are  not  receptive  to  scientific 
arguments  and  data,  and  that  health  physics  quickly  becomes  more  of  an 
exercise  in  public  relations  than  scientific  education. 

The  physicist  always  is  involved  in  formal  teaching.  This  may  be  at 
various  levels,  ranging  from  post-graduate  physicians  studying  for 
national  board  examinations  down  to  complete  novices  in  science.  There 
is  also,  unfortunately,  an  intermediate  class  of  student — those  who,  while 
possessing  nationally  recognized  qualifications,  nevertheless  have  no  idea 
at  all  of  such  elementary  concepts  as  ratio  and  proportion,  and  who  do 
not  know  the  meaning  of  percentage!  It  is  quite  tempting  for  the 
physicist,  when  faced  with  these  people,  to  throw  up  his  hands  in  despair 
and  refuse  to  waste  his  time  with  them.  However,  obviously  one  must  do 
more  than  that,  and  at  least  ensure  that  they  know  more  when  they  leave 
the  department  than  they  did  when  they  entered  it. 

All  this  makes  for  a  busy  day.  Research  in  the  usual  academic  sense  of 
proposal,  grant  writing,  experimentation,  and  publication  (possibly  with 
the  award  of  a  degree)  is  a  secondary  consideration. 

I  personally  came  into  hospital  physics  after  two  years  post-graduate 
industrial  research  experience.  I  had  to  learn,  slowly  and  painfully,  that 
my  pure  physics  approach  was  not  always  appropriate  to  the  needs  of  the 
patient,  which  were  always  apparent  and  immediate.  Quick  application  of 
adequate  physics  was  often  better  than  delayed  application  of  superb 
physics.  The  physicist’s  contribution  to  patient  treatment,  while  immense 
and  essential,  was  nevertheless  only  a  part  of  a  broader  picture. 

This  did  not  mean  that  we  were  dead-in-the-water — on  the  contrary, 
much  development  work  was  always  being  carried  out.  However,  we 
tended  to  regard  the  results  of  this  as  rather  trivial  in  the  academic 
sense — not  worthy  of  a  full  blown  paper — and,  really,  all  in  the  day’s 
work.  Communication  between  different  departments  was  good,  with 
quick  sharing  of  tricks  of  the  trade. 

We  were  in  daily  contact  with  physicians  and  patients  and,  as  a 
consequence,  began  to  appreciate  the  physician’s  requirements  and 
learned  how  to  advise  him  as  to  the  best  appropriate  physics  for  the  patient’s 
circumstance.  The  physician,  on  the  other  hand,  quickly  learned  to 
appreciate  that  we  were  just  as  interested  as  he  was  in  seeing  that  the 
patient  was  cured. 
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This  attitude  of  mutual  respect  had  been  apparent  from  the  earliest 
days  of  radiology  in  Britain.  Indeed,  the  oldest  radiological  society  in  the 
world  (The  British  Institute  of  Radiology)  always  has  been  constituted  so 
that  medical  and  nonmedical  personnel  share  office  with  equal 
frequency — a  rather  unusual  circumstance  for  medically  oriented  socie¬ 
ties.  This  attitude  even  extends  to  the  extent  of  allowing  the  physicist  to 
eat  lunch  in  the  physician’s  dining  room — an  apparently  trivial  matter, 
but  of  great  meaning  to  anyone  who  has  ever  worked  in  a  hospital. 

Hospital  physics  in  Britain  grew  up  in  hospitals.  Indeed,  I  believe  that 
it  is  no  coincidence  that  our  professional  association  in  Britain  is  the 
Hospital  Physicists  Association,  whereas  the  corresponding  body  in  the 
United  States  is  known  as  The  American  Association  of  Physicists  in 
Medicine. 

In  the  United  States,  on  the  other  hand,  medical  physics  grew  up  in 
universities  in  a  much  more  formal  manner,  with  organized  degree 
courses  and  post-graduate  qualifications  such  as  certification  by  the 
American  Board  of  Radiology.  Because  of  this  difference  of  approach,  I 
found,  when  I  first  came  to  the  States  some  years  ago,  that  the  state  of 
hospital  physics  in  this  country  was  patchy.  The  best  places  were 
obviously  the  equal  of,  or  better  than,  anything  in  the  rest  of  the  world, 
but  this  expertise  had  not  yet  penetrated  as  deeply  as  it  has  today.  It  was 
common  for  physicians  to  say  to  me  “we  cannot  find  anyone  among 
these  university-trained  physicists  who  knows  anything,  or  who  is  willing 
to  get  his  hands  dirty.”  This  was  quite  natural,  because  the  physicists 
under  consideration  had  been  trained  in  an  academic  context  and  were 
interested  in  doing  physics  research.  My  impression  was  that  many 
physicists  had  distanced  themselves  from  routine  clinical  work,  regarding 
it  as  beneath  their  attention  and  worthy  only  to  be  hived-off  to  someone 
of  lesser  qualification  and  intellect.  I  was  myself  recruited  directly  from 
England  because  my  clinical  experience  seemed  to  fit  the  requirements 
rather  better  than  physicists  who  could  be  obtained  directly  at  home. 

It  is  only  fair  to  say  that,  over  the  last  five  years,  the  position  appears 
to  have  changed  somewhat.  In  England,  the  HPA  has  hived-off  The 
Institute  of  Physical  Sciences  and  Medicine  to  deal  almost  exclusively 
with  academic  matters,  whereas,  in  the  United  States  the  AAPM  has 
hived-off  The  American  College  of  Medical  Physics  that,  funnily  enough, 
is  to  devote  itself  much  more  to  professional  than  academic  matters. 

What  are  the  results  of  this  practical  attitude  towards  physics  in  a 
hospital,  and  how  can  the  apparently  nonacademic  attitude  be  justified  to 
an  assembly  of  academic  physicists?  I  can  only  speak  for  myself.  In  going 
through  my  files  approximately  a  month  ago,  I  found  that,  over  the  last 
10  and  a  half  years  of  my  stay  in  Lubbock,  I  have  applied  reasonably 
sophisticated  physics  in  the  treatment  planning  of  a  variety  of  patients — 
not  every  patient  who  has  ever  passed  through  our  doors,  but  a 
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reasonable  fraction  thereof.  I  found  that  only  27  percent  of  these  patients 
had  died.  I  feel  proud  of  this  record  because  a  great  number  of  that  27 
percent  would  have  died  of  natural  causes  like  heart  attacks,  infections, 
and  so  on.  I  have  been  rather  unscientific  in  not  making  an  accurate 
estimate  of  this  proportion  but,  if  we  assume  it  to  be  around  50  percent, 
then,  over  the  last  10  years  or  so,  only  about  13  percent  of  the  patients  I 
have  personally  handled  have  died  from  cancer. 

I  cannot  believe  that  the  application  of  more  sophisticated  physics,  and 
the  latest  research  results,  would  have  made  any  substantial  difference  to 
this  proportion.  Our  experience  is,  that  when  we  fail,  we  do  not  fail  in 
the  areas  that  we  treat  but  in  distant  areas  where  the  presence  of  the 
disease  was  unsuspected  and,  therefore,  untreated.  I  feel  that  I  am  doing 
an  extremely  useful  job,  and  that  my  knowledge  of  physics,  and 
experience  in  its  application,  although  not  researched  by  us,  has  been  of 
great  value  to  a  multitude  of  people. 

John  Fowler  (1984)  has  made  some  amusing  comments  on  the 
application  of  research  results  in  clinical  medicine.  He  has  drawn  a 
humorous  graph  of  what  he  termed  “excitement  units”  (somewhat 
arbitrarily  scaled  from  disinterest  to  euphoria)  against  time,  and  divides 
this  graph  into  four  main  sections:  A)  disinterest — “a  hare-brained  idea 
by  some  egg-headed  scientist”;  B)  the  appearance  of  the  first  successful 
clinical  results — “wonderful — the  answer  to  all  our  problems”;  C)  the 
appearance  of  the  first  clinical  complications  and  side  effects  (the  graph 
dives  below  zero — “criminal;  I  wouldn’t  do  it  to  my  dog”);  and  D)  the 
balanced  view  after  greater  experience — “a  useful  addition  to  our 
technique,  for  selected  cases,  if  done  under  proper  control.” 

I  would  (somewhat  cynically)  add  some  branches  to  Fowler’s  graph 
without  his  knowledge  or  consent.  There  is  often  a  branch  under  heading 
B  entitled  “I  can  make  a  buck  out  of  this.”  On  the  other  hand,  section  D 
can  have  two  extra  branches — one  labelled  “Maybe  we’d  better  do  it 
because  everybody  else  is,”  and  the  other  labelled  “Ha  ha,  I  was  right  all 
along.”  I  make  no  comment  as  to  the  branching  ratios  on  this  diagram. 

John  Fowler  is  an  interesting  man.  He  began  life  as  a  highly  competent 
and  respected  hospital  physicist  in  England;  he  later  turned  his  attention 
to  radiobiology  and  has  achieved  a  world-wide  reputation.  If  anyone 
should  have  a  proper  perspective  of  the  place  of  physics  in  a  hospital  in 
radiotherapy,  this  is  the  man.  He  recently  has  published  a  list  of  12 
prospects  for  improvement  in  radiotherapy.  Of  these  12,  only  two  involve 
the  use  of  physics  research,  and  none  of  them  involve  extended  research 
into  variance  of  our  present  techniques  (Fowler,  1984). 

I  conclude  personally,  therefore,  that  the  prospects  for  original  research 
in  physics  in  radiotherapy  are  not  rosy.  Improvement  in  survival  of 
patients  with  cancer  is  going  to  depend  more  on  better  biological  and 
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radiobiological  knowledge  of  the  disease,  rather  than  on  improved 
technique.  This  may  be  a  salutary  lesson  for  physicists  to  learn. 

Of  course,  this  does  not  mean  that  physicists  in  medicine  should  turn 
their  attention  away  from  radiotherapy  altogether,  and  leave  it  to  lesser 
skilled  people.  Quite  the  contrary.  It  is  arguable  that  radiotherapy  needs 
the  best  physicists  available  in  order  to  apply  present  knowledge  in  an 
appropriate  manner.  However,  the  physicist  must  learn  to  temper  his  joy 
and  exuberance  in  his  hard  won  technique  to  the  demands  of  the  clinical 
situation,  in  cooperation  with  the  physician,  and  subject  to  the  necessary 
temporal  and  financial  disciplines  imposed  on  us  by  harsh  reality.  The 
name  of  the  game  in  therapy  is  not  to  do  physics  research  for  its  own 
sake,  but  to  cure  patients. 

I,  personally,  always  have  taken  my  satisfaction  from  knowing  that 
there  are  many  thousands  of  patients  walking  the  streets  to  this  day  who 
have  been  helped  to  a  longer  and  more  productive  life  by  my  knowledge 
and  application  of  physics.  I  hope  I  have  said  enough  to  you  to  make 
you  realize  that  it  is  perfectly  possible  to  have  an  honorable,  useful,  and 
fruitful  career  in  hospital  physics  without  indulging  in  first-line  academic 
physics  research. 
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STATUS  OF  THE  TEXAS  KANGAROO  RAT 
{DIPODOMYS  ELATOR) 
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Department  of  Biological  Sciences  and  Museum  Science,  Texas  Tech  University, 
Lubbock,  Texas  79409,  and  U.S.  Fish  and  Wildlife  Service,  National  Ecology  Center, 
1300  Blue  Spruce  Drive,  Fort  Collins,  Colorado  80524  (MAB) 


Abstract. — Historic  distribution  and  results  of  recent  searches  for  Dipolomys  elator  in 
Oklahoma  and  Texas  are  summarized,  and  some  additonal  research  needs  are  identified. 
Key  words:  Distribution;  Dipodomys  elator,  Oklahoma;  Texas. 

The  Texas  kangaroo  rat,  Dipodomys  elator  Merriam,  1894,  is 
considered  as  threatened  by  the  Texas  Department  of  Parks  and  Wildlife 
(1986),  listed  in  category  two  by  the  U.S.  Fish  and  Wildlife  Service 
(1985),  and  considered  rare  by  the  International  Union  for  Conservation 
of  Nature  and  Natural  Resources  (1986).  Because  of  these  concerns  for 
the  welfare  of  this  unique  species,  it  seems  appropriate  to  provide  a 
modern  review  of  the  status  of  D.  elator. 

Methods  and  Materials 

We  conducted  a  survey  of  the  literature  on  the  Texas  kangaroo  rat  in  order  to  document 
our  understanding  of  the  historic  background  and  the  best  information  currently  available 
with  regard  to  the  knowledge  of  geographic  distribution  and  other  aspects  of  the  biology  of 
the  species. 

We  verified  locality  data  and  examined  specimens  of  Texas  kangaroo  rats  housed  in 
collections  at  the  University  of  Kansas,  Lawrence  (KU);  University  of  Oklahoma,  Norman 
(OU);  Midwestern  State  University,  Wichita  Falls,  Texas  (MWSU);  University  of  Texas  at 
Austin  (TNHC);  Texas  A&M  University,  College  Station  (TCWC);  Texas  Tech  University, 
Lubbock  (TTU);  Tulane  University,  Belle  Chasse,  Louisiana  (TU);  and  the  U.S.  National 
Museum  of  Natural  History,  Washington,  D.C.  (USNM).  Information  presented  herein  on 
localities  and  dates  of  collection  was  taken  directly  from  labels  on  specimens. 

In  order  to  attempt  to  locate,  observe,  and  document  the  presence  of  D.  elator,  we 
traveled  in  north-central  Texas  during  parts  of  1985,  1986,  and  1987.  In  addition,  we  made 
several  brief  visits  in  southwestern  Oklahoma  to  look  for  these  animals.  We  went  to  most  of 
the  localities  where  the  species  had  been  collected  in  the  past,  and  wc  searched  for  it  in  new 
regions  also.  Areas  were  examined  initially  by  traveling  in  a  vehicle  and  searching  for 
appropriate  habitats  and  signs  of  the  presence  of  kangaroo  rats.  Travel  was  on  major 
highways,  farm  and  market  roads,  trails,  and  occasionally  across  country.  In  areas  where 
signs  of  kangaroo  rats  were  present,  we  traveled  either  by  vehicle  or  on  foot  to  observe 
mammals  that  were  active  during  the  night  in  the  area.  We  examined  and  salvaged  road 
kills,  and  sometimes  we  set  traps  in  order  to  collect  voucher  specimens  of  mammals  in  the 
area  and  to  document  the  ecological  associates  of  D.  elator.  Some  results  of  our  studies  of 
mammals  in  north-central  Texas  have  been  published  elsewhere  (Jones  et  al.,  1987). 
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Results  and  Discussion 

Dipodomys  elator  was  described  by  Merriam  (1894)  on  the  basis  of 
two  specimens  collected  on  13  and  15  April  1894,  respectively,  by  J.  A. 
Loring  from  near  mesquite  trees  about  15  mi.  SW  Henrietta,  Clay  Co., 
Texas.  The  type  locality  was  listed  as  Henrietta,  Clay  Co.,  Texas.  The 
holotype  (USNM  64802  male)  and  paratype  (USNM  64803  female)  were 
deposited  in  the  Biological  Survey  Collections  at  the  U.S.  National 
Museum  of  Natural  History.  In  1900,  H.  C.  Oberholser  obtained  four 
specimens  from  Henrietta,  Clay  Co.,  Texas,  and  one  specimen  was 
collected  at  a  place  6  mi.  NW  Bellevue,  Clay  County,  Texas  (Bailey, 
1905).  In  addition,  Bailey  (1905)  reported  two  specimens  that  D.  E.  Lantz 
obtained  from  near  Chattanooga,  Comanche  Co.,  Oklahoma,  in  1904  and 
1905,  respectively;  he  described  the  species  as  not  numerous  but  well 
distributed  in  the  vicinity.  In  1947,  two  specimens  were  captured  in 
Wilbarger  County,  Texas  (Blair,  1949).  Blair  (1954)  mentioned  these 
specimens  again,  and  also  referred  to  a  specimen  reported  by  Hedeen 
(1953)  from  3  mi.  W  Gatesville,  Coryell  Co.,  Texas.  Inasmuch  as  no 
voucher  specimen  exists  and  no  other  specimens  have  been  reported  from 
the  vicinity,  it  seems  most  prudent  to  disregard  this  record.  Dalquest  and 
Collier  (1964)  and  Dalquest  (1968)  reported  a  total  of  12  specimens  taken 
in  Wilbarger,  Baylor,  and  Archer  counties,  Texas;  Wichita  County  was 
included  in  the  hypothetical  geographic  range  of  the  species.  Packard  and 
Judd  (1968)  listed  one  specimen  from  Foard  County  and  eight  animals 
from  Wichita  County,  Texas.  Two  specimens  were  added  to  the  list  of 
materials  known  from  Baylor  County,  Texas,  by  Baccus  (1971).  The 
known  geographic  range  was  extended  to  the  east  by  Cokendolpher  et  al. 
(1979),  who  reported  two  specimens  from  Montague  County,  Texas.  A 
summary  of  known  records  of  occurrence  of  D.  elator  was  presented  by 
Martin  and  Matocha  (1972);  they  added  records  of  specimens  from 
Archer,  Foard,  Hardeman,  Motley,  Wichita,  and  Wilbarger  counties, 
Texas.  Dalquest  and  Horner  (1984)  listed  a  total  of  172  specimens  from 
localities  in  Archer,  Baylor,  Montague,  Wichita,  and  Wilbarger  counties, 
Texas.  A  specimen  obtained  on  16  May  1969  at  a  place  0.5  mile  north  of 
the  Red  River,  Cotton  Co.,  Oklahoma,  was  reported  by  Baumgardner 
(1987).  A  total  of  100  specimens  from  Wichita  County,  Texas,  previously 
unreported  in  the  literature,  was  presented  by  Jones  et  al.  (1987). 

Based  on  specimens  deposited  in  museums,  D.  elator  is  known  from 
two  counties  in  Oklahoma  and  nine  counties  in  north-central  Texas  (Fig. 
1).  The  three  specimens  from  Oklahoma  were  obtained  in  1904,  1905,  and 
1969,  respectively.  Specimens  from  Texas  were  collected  in  1894,  1900, 
and  sporadically  from  1947  to  1987.  The  Texas  kangaroo  rat  has  not 
been  reported  from  Clay  County,  Texas,  since  1900  (Martin  and 
Matocha,  1972;  Dalquest  and  Horner,  1984;  Carter  et  al.,  1985;  Jones 
and  Bogan,  1986). 
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Figure  1.  Distribution  of  Dipodomys  elator  (open  triangles,  1894-1900;  closed  triangles,  1904-1905;  open  square,  1947;  closed  squares,  1963-1969; 
open  circles,  1970-1979;  closed  circles,  1980-1987).  Geographic  localities  are  listed  in  Appendix  I.  Map  drawn  by  N.  L.  Olson. 
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Most  of  the  early  reports  on  D.  elator  dealt  with  geographic 
distribution,  with  occasional  comments  about  general  ecology.  Some 
additional  aspects  of  the  biology  of  the  species  have  been  studied,  at  least 
in  cursory  detail.  An  ecological  study  of  the  Texas  kangaroo  rat  was 
conducted  by  Roberts  (1969);  some  data  were  presented  on  populations 
of  D.  elator  in  comparison  with  some  sympatric  species.  Lewis  (1970) 
presented  information  on  ecological  and  physiological  parameters  of  D. 
elator  and  D.  ordii.  Food  habits  of  the  Texas  kangaroo  rat  were 
summarized  by  Chapman  (1972);  Dalquest  and  Collier  (1964)  also 
presented  some  information  on  food  habits  of  the  species.  Some 
observations  on  behavior  of  D.  elator  were  provided  by  Packard  and 
Roberts  (1973).  Comments  on  movements,  home  range,  and  ecology  of 
the  species  were  presented  by  Roberts  and  Packard  (1973).  Details  of 
nongeographic  variation,  as  well  as  some  information  on  reproduction 
and  demography  of  this  rat,  were  published  by  Webster  and  Jones  (1985). 
Results  of  analyses  of  sexual  dimorphism  and  morphometric  variation  in 
the  Texas  kangaroo  rat  were  provided  by  Best  (1987).  The  baculum  of  D. 
elator  was  described  in  detail  by  Jannett  (1976);  some  measurements  of 
the  baculum  were  provided  by  Best  and  Schnell  (1974).  Hamilton  et  al. 
(1987)  discussed  genetic  variation  in  the  species.  Stock  (1974)  described 
the  chromosomes  and  depicted  the  karyotype  of  D.  elator.  Satellite  DNA 
of  the  Texas  kangaroo  rat  was  characterized  by  Mazrimas  and  Hatch 
(1972).  Protein  variation  and  allele  frequencies  in  D.  elator  were  analysed 
by  Johnson  and  Selander  (1971)  and  Johnson  (1970).  Schnell  et  al.  (1978) 
commented  on  morphologic  variation  in  relation  to  genic  variation  in  the 
Texas  kangaroo  rat.  Dipodomys  elator  was  included  in  the  numerical 
taxonomy  studies  of  kangaroo  rats  by  Scott  (1973).  Roberts  and  Mills 
(1983)  provided  nontechnical  information  in  a  popular  article  on  this 
species. 

For  some  time,  road  surveys  have  been  used  as  a  means  to  locate  and 
observe  Texas  kangaroo  rats  (Martin  and  Matocha,  1972).  It  must  be 
pointed  out,  however,  that  these  kinds  of  data  (Table  1)  can  be  used  only 
to  document  presence  of  the  animals.  This  information  is  not  suitable  for 
making  any  extrapolations  with  regard  to  population  parameters.  We 
documented  the  presence  of  D.  elator  at  a  total  of  27  localities  in  four 
counties  (Cottle,  Hardeman,  Wilbarger,  Wichita)  in  north-central  Texas 
(Table  2).  No  evidence  of  the  occurrence  of  this  species  was  found  for 
other  counties  within  the  known  or  possible  geographic  range  in  Texas 
and  Oklahoma  (Tables  1-2). 

The  data  presented  herein  (Tables  1-2),  as  well  as  our  experiences  with 
D.  elator  (Jones  and  Bogan,  1986;  Jones  et  al.,  1987),  certainly  lead  us  to 
agree  with  Dalquest  and  Collier  (1964),  who  observed  that  “The  Texas 
kangaroo  rat  does  seem  to  be  a  species  of  quite  local  distribution,  but  on 
rare  occasions  it  becomes  not  uncommon  locally,  in  suitable  habitat.” 
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Table  1.  Results  of  road  surveys  for  Dipodomys  elator. 


Miles  traveled 

Locality 

Animals  seen 

61.9 

Comanche  County,  Oklahoma 

0 

74.4 

Tillman  County,  Oklahoma 

0 

259.7 

Cotton  County,  Oklahoma 

0 

356.4 

Motley  County,  Texas 

0 

507.8 

Dickens  County,  Texas 

0 

312.0 

Childress  County,  Texas 

0 

536.5 

Cottle  County,  Texas 

2 

408.0 

King  County,  Texas 

0 

911.9 

Hardeman  County,  Texas 

27 

760.2 

Foard  County,  Texas 

0 

256.3 

Knox  County,  Texas 

0 

519.0 

Wilbarger  County,  Texas 

9 

141.8 

Baylor  County,  Texas 

0 

875.2 

Wichita  County,  Texas 

214 

333.0 

Archer  County,  Texas 

0 

894.0 

Clay  County,  Texas 

0 

495.2 

Montague  County,  Texas 

0 

During  our  field  work  for  this  study,  it  was  our  impression  that  one 
could  go  to  some  areas  west  and  north  of  Iowa  Park,  Texas,  for  example, 
and  find  these  animals  at  about  any  time  that  the  conditions  were 
favorable.  Dalquest  and  Horner  (1984)  reported  that  these  animals  do 
not  move  about  on  moonlit  nights,  and  they  are  not  seen  until  it  is 
completely  dark  even  on  dark  nights.  We  have  observed  this  pattern  of 
activity  on  many  occasions.  For  example,  on  13  July  1987  we  saw  14 
animals  within  two  hours  while  driving  along  a  road  west  and  north  of 
Iowa  Park;  we  stopped  seeing  kangaroo  rats  almost  immediately  when 
the  moon  arose.  Also,  it  is  our  impression  that  D.  elator  is  relatively 
inactive  during  times  when  the  ground  is  extremely  wet;  this  may  be 
related  to  their  habits  of  dust  bathing  (Dalquest  and  Horner,  1984). 

Dipodomys  elator  is  monotypic,  and  there  is  no  clear  concensus  as  to 
the  exact  taxonomic  relationships  of  this  species.  Some  workers  have 
suggested  that  D.  elator  is  either  closely  related  to  the  D.  phillipsi  group 
(Grinnell,  1922;  Setzer,  1949;  Jannett,  1976)  or  the  D.  spectabilis  group 
(Lidicker,  1960a,  1960b).  Other  investigators  thought  that  D.  elator  was 
closely  related  to  D.  phillipsi  and  A  merriami  (Blair,  1954;  Hamilton  et 
al.  1987).  Davis  (1942)  suggested  that  D.  elator  belonged  in  a  species 
group  of  its  own.  Dalquest  and  Carpenter  (1986)  revealed  that  D.  elator 
exhibits  some  rather  primitive  characteristics,  and  implied  that  it  may  be 
related  to  the  fossil  species  D.  pattersoni. 

Based  on  our  perceptions  of  the  state  of  knowledge  of  the  biology  of 
the  Texas  kangaroo  rat,  we  recommend  consideration  of  the  following 
research  needs:  (1)  continue  efforts  to  document  presence  and  to  delineate 
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Table  2.  List  of  localities  where  Dipodomys  elator  was  either  observed  or  salvaged  during 
this  study. 


10  mi.  E,  20  mi.  N  Paducah,  Cottle  Co.,  Texas 
4.3  mi.  W  Quanah,  Hardeman  Co.,  Texas 

2.2  mi.  W  Quanah,  Hardeman  Co.,  Texas 

8.3  mi.  N  Quanah,  Hardeman  Co.,  Texas 

5  mi.  W  Harrold,  Wilbarger  Co.,  Texas 
4  mi.  N  Electra,  Wichita  Co.,  Texas 

2.5  mi.  E  Haynesville,  Wichita  Co.,  Texas 
7  mi.  E  Haynesville,  Wichita  Co.,  Texas 

6  mi.  W,  12  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 

6  mi.  W,  11.2  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
6  mi.  W,  1 1  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
6  mi.  W,  10.6  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
6  mi.  W,  10  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
6  mi.  W,  9.5  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
6  mi.  W,  9.3  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
6  mi.  W,  8.7  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
6  mi.  W,  8  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
6  mi.  W,  7.2  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
6  mi.  W,  6  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
6  mi.  W,  4  mi.  .N  Iowa  Park,  Wichita  Co.,  Texas 
6  mi.  W,  2  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
6  mi.  W  Iowa  Park,  Wichita  Co.,  Texas 
4  mi.  W,  6  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
4  mi.  W,  4  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
4  mi.  W,  2  mi.  N  Iowa  Park,  Wichita  Co.,  Texas 
4  mi.  W  Iowa  Park,  Wichita  Co.,  Texas 
1  mi.  W  Iowa  Park,  Wichita  Co.,  Texas 


the  current  geographic  distribution  of  the  species;  (2)  attempt  to  identify 
the  habitat  (vegetation,  soils)  critical  to  the  survival  of  the  species;  (3) 
determine  base  levels  of  the  presence  of  pesticides  and  pollutants  in 
tissues  of  D.  elator  and  other  mammals  in  the  ecosystem;  (4)  accumulate 
additional  information  on  life  history,  reproduction,  recruitment, 
demography,  and  other  population  parameters  of  the  species;  (5)  monitor 
changes  in  geographic  and  ecologic  distributions  and  relationships  of 
mammals  in  order  to  determine  short-  and  long-term  trends  of 
populations  of  mammals  in  the  area  in  accordance  with  continuing 
changes  in  land-use  practices;  and  (6)  as  appropriate,  salvage  and  obtain 
specimens  in  general  and  tissue  samples  in  particular  for  preservation  in 
museums  for  use  by  future  researchers. 
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Field  work  was  conducted  under  permit  issued  by  the  Texas  Department  of  Parks  and 

Wildlife.  Financial  support  was  provided  by  the  office  of  the  Vice  President  for  Academic 

Affairs  and  Research,  Texas  Tech  University,  and  the  U.S.  Fish  and  Wildlife  Service. 
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Appendix  I 

Specimens  examined  by  us  are  listed  by  the  year  in  which  they  were  collected  and  by 
geographic  locality.  Counties  are  arranged  first  from  west  to  east  and  secondarily  north  to 
south.  Abbreviations  in  parentheses  refer  to  the  mammal  collections  in  which  specimens  are 
housed.  The  most  recent  specimen  reported  from  Oklahoma  is  included  in  the  list;  it  is 
housed  in  the  collection  of  mammals  at  the  University  of  Arizona  (Baumgardner,  1987). 

1894,  2. — Texas.  Clay  County:  15  mi.  SW  Henrietta,  2  (USNM). 

1900,  5.— Texas.  Clay  County:  Henrietta,  4  (USNM);  6  mi.  NW  Bellevue,  1  (USNM). 

1904,  1. — Oklahoma.  Comanche  County:  Chattanooga,  1  (USNM). 

1905,  1. — Oklahoma.  Comanche  County:  Chattanooga,  1  (USNM). 

1947,  2. — Texas.  Wilbarger  County:  15  mi.  S  Vernon,  2  (TNHC). 
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1963,  40. — Texas.  Wilbarger  County:  5  mi.  S  Harrold,  2  (MWSU);  7  mi.  S  Harrold,  4  (3 
MWSU,  1  KU).  Wichita  County:  8.7  mi.  E  Electra,  30  (TU);  5.7  mi.  E  Electra,  1  (TU);  4 
mi.  E  Electra,  3  (TU). 

1964,  4. — Texas.  Wilbarger  County:  2.5  mi.  S,  0.75  mi.  E  Harrold,  1  (KU);  3  mi.  S,  1  mi. 
E  Harrold,  1  (TTU);  6.5  mi.  SW  Electra,  2  (MWSU). 

1965,  44.— Texas.  Wilbarger  County:  8  mi.  S,  3  mi.  W  Vernon,  1  (MWSU);  7  mi.  W 
Electra.  1  (MWSU);  7  mi.  S  Harrold,  41  (40  MWSU,  1  TCWC). 

1966,  16. — Texas.  Foard  County:  10  mi.  NW  Crowell,  1  (TTU).  Wilbarger  County:  7  mi. 
S  Harrold,  4  (3  MWSU,  1  TTU).  Wichita  County:  9  mi.  NW  Iowa  Park,  1  (MWSU);  6.5 
mi.  NW  Iowa  Park,  2  (MWSU);  5  mi.  NW  Iowa  Park,  8  (TTU). 

1967,  64. — Texas.  Foard  County:  8  mi.  NNW  Crowell,  2  (TTU).  Wilbarger  County:  1  mi. 
SSE  Lockett,  1  (MWSU);  16  mi.  SSE  Vernon,  3  (MWSU);  6  mi.  S,  3  mi.  E  Vernon,  1 
(MWSU);  8  mi.  S,  3  mi.  E  Vernon,  1  (MWSU);  10  mi.  S,  5  mi.  E  Vernon,  1  (MWSU);  3 
mi.  ESE  Grayback;,  1  (MWSU);  2.7  mi.  S,  1  mi.  E  Harrold,  1  (TTU).  Baylor  County:  15 
mi.  NW  Seymour,  1  (MWSU);  11  mi.  NE  Seymour,  1  (MWSU).  Wichita  County:  15  mi. 
NW  Electra,  10  (KU);  20  mi.  W  Wichita  Falls,  1  (MWSU);  7  mi.  W  Iowa  Park,  2 
(MWSU);  7  mi.  WNW  Iowa  Park,  4  (MWSU);  7  mi.  NW  Iowa  Park,  2  (MWSU);  6  mi.  W 
Iowa  Park,  2  (MWSU);  Buffalo  Creek  Reservoir,  2  (MWSU);  6  mi.  NW  Iowa  Park,  4 
(MWSU);  5  mi.  NW  Iowa  Park,  3  (MWSU);  3  mi.  W  Iowa  Park,  4  (MWSU);  12  mi.  E 
Electra,  1  (MWSU);  3  mi.  NW  Iowa  Park,  1  (MWSU);  2.5  mi.  NW  Iowa  Park,  1  (MWSU); 
15  mi.  NW  Wichita  Falls,  8  (KU);  1  mi.  W  Iowa  Park,  1  (MWSU);  8  mi.  N  Iowa  Park,  2 
(MWSU);  Iowa  Park,  2  (MWSU);  5  mi.  W  Burkburnett,  1  (MWSU). 

1968,  27. — Texas.  Wilbarger  County:  19  mi.  S  Vernon,  8  (OU);  16  mi.  SSE  Vernon,  10 
(MWSU).  Wichita  County:  15  mi.  S  Electra,  1  (MWSU);  15  mi.  NNW  Iowa  Park,  1 
(MWSU);  10  mi.  NW  Iowa  Park,  1  (MWSU);  3  mi.  NNW  Iowa  Park,  2  (MWSU);  15  mi. 
NW  Wichita  Falls,  1  (MWSU);  15  mi.  NW  Wichita  Falls,  1  (MWSU);  8  mi.  NW  Wichita 
Falls,  1  (MWSU);  Wichita  Falls,  1  (MWSU). 

1969,  145. — Oklahoma.  Cotton  County:  0.5  mi.  N  Red  River,  1  (Baumgardner,  1987). 
Texas.  Hardeman  County:  3  mi.  E.  Lazare,  1  (TTU);  1  mi.  S,  1  mi.  E  Acme,  1  (TTU);  5  mi. 
S,  0.5  mi.  E  Quanah,  1  (TTU);  6  mi.  S,  1  mi.  E  Quanah,  1  (TTU);  5  mi.  S,  1.5  mi.  E 
Quanah,  1  (TTU);  10  mi.  S,  2  mi.  E  Quanah,  1  (TTU);  11  mi.  S,  2  mi.  E  Quanah,  2  (TTU); 
2.5  mi.  N,  2.25  mi.  E  Quanah,  1  (TTU);  1.5  mi.  N,  2.5  mi.  E  Quanah,  1  (TTU);  Claude 
Holcomb  Ranch,  3  mi.  NE  Quanah,  17  (TTU);  5  mi.  S,  2.5  mi.  E  Quanah,  1  (TTU);  2.5  mi. 
N,  3.25  mi.  E  Quanah,  1  (TTU);  2.3  mi.  N,  4.2  mi.  W  jet.  FM  2006  and  US  287,  1  (TTU); 
2.4  mi.  N,  4.1  mi.  W  jet.  FM  2006  and  US  287,  1  (TTU);  5  mi.  S,  3.5  mi.  E  Quanah,  1 
(TTU);  6  mi.  S,  4  mi.  E  Quanah,  2  (TTU);  2.5  mi.  N,  3.5  mi.  W  jet.  FM  2006  and  US  287, 
1  (TTU);  2.5  mi.  N,  3.2  mi.  W  jet.  FM  2006  and  US  287,  1  (TTU);  2.5  mi.  N,  4.75  mi.  E 
Quanah,  1  (TTU);  5  mi.  S,  4.5  mi.  E  Quanah,  1  (TTU);  10.5  mi.  S,  5  mi.  E  Quanah,  1 
(TTU);  6  mi.  S,  5  mi.  E  Quanah,  1  (TTU);  2.5  mi.  N,  2.7  mi.  W  jet.  FM  2006  and  US  287, 
1  (TTU);  5  mi.  S,  5.5  mi.  E  Quanah;,  2  (TTU);  4.5  mi.  N,  2  mi.  W  jet.  FM  2006  and  US 
287,  1  (TTU);  2.5  mi.  N,  6.5  mi.  E  Quanah,  1  (TTU);  1  mi.  N,  7.5  mi.  E  Quanah,  2  (TTU); 

9.25  mi.  S,  6.5  mi.  E  Quanah;,  1  (TTU);  2.5  mi.  N,  7.5  mi.  E  Quanah,  1  (TTU);  2.5  mi.  N, 

7.25  mi.  E  Quanah,  1  (TTU);  3.5  mi.  N,  7.5  mi.  E  Quanah,  1  (TTU);  2.25  mi.  N,  7.5  mi.  E 
Quanah,  1  (TTU);  3.1  mi.  N.  jet.  FM  2006  and  US  287,  1  (TTU);  0.25  mi.  S,  7.5  mi.  E 
Quanah,  1  (TTU);  4.7  mi.  N  jet.  FM  2006  and  US  287,  1  (TTU);  22.5  mi.  N  jet.  FM  2006 
and  US  287,  1  (TTU);  3.2  mi.  N,  0.7  mi.  E  jet.  FM  2006  and  US  287,  1  (TTU);  1  mi.  N, 

8.25  mi.  E  Quanah,  1  (TTU);  1  mi.  N,  8.3  mi.  E  Quanah,  2  (TTU);  1.1  mi.  N,  8.3  mi.  E 
Quanah,  1  (TTU);  1  mi.  N,  8.5  mi.  E  Quanah,  2  (TTU);  9  mi.  N,  8.6  mi.  E  Quanah,  1 
(TTU);  2  mi.  N,  8.75  mi.  E  Quanah,  1  (TTU);  1.25  mi.  N,  8.75  mi.  E  Quanah,  1  (TTU);  1 
mi.  N,  8.75  mi.  E  Quanah,  1  (TTU);  1.6  mi.  N,  8.8  mi.  E  Quanah,  3  (TTU);  1.1  mi.  N,  9.2 
mi.  E  Quanah,  1  (TTU);  1  mi.  N,  9  mi.  E  Quanah,  3  (TTU);  8.5  mi.  E  Quanah,  1  (TTU); 
8.75  mi.  E  Quanah,  1  (TTU);  9  mi.  E  Quanah,  1  (TTU);  2.75  mi.  N,  9.5  mi.  E  Quanah,  1 
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(TTU);  3.2  mi.  N,  1.2  mi.  E  jet.  EM  2006  and  US  287,  1  (TTU);  1.1  mi.  N,  9.6  mi.  E 
Quanah,  1  (TTU);  1  mi.  N,  9.25  mi.  E  Quanah,  1  (TTU);  3.25  mi.  N,  9.5  mi.  E  Quanah,  1 
(TTU);  2.25  mi.  N,  9.25  mi.  E  Quanah,  1  (TTU);  4.2  mi.  N,  2.1  mi.  E  jet.  FM  2006  and  US 
287,  1  (TTU);  3.1  mi.  N,  1.3  mi.  E  jet.  FM  2006  and  US  287,  1  (TTU);  2  mi.  N,  9.5  mi.  E 
Quanah,  2  (TTU);  3.2  mi.  N,  1.8  mi.  E  jet.  FM  2006  and  US  287,  1  (TTU);  3.1  mi.  N,  1.7 
mi  E  jet.  FM  2006  and  US  287,  1  (TTU);  3  mi.  N,  1.9  mi.  E  jet.  FM  2006  and  US  287,  1 
(TTU);  3.2  mi.  N,  1.9  mi.  E  jet.  FM  2006  and  US  287,  2  (TTU);  0.75  mi.  N,  9.5  mi.  E 
Quanah,  2  (TTU);  0.5  mi.  N,  9.5  mi.  E  Quanah,  1  (TTU);  4.2  mi.  N,  2.2  mi.  E  jet.  FM  2006 
and  US  287,  1  (TTU).  Willbarger  County:  19.4  mi.  S  Vernon,  2  (OU);  20.8  mi.  S  Vernon,  1 
(OU);  10  mi.  S  Graybaek,  1  (MWSU).  Wichita  County:  10  mi.  W  Iowa  Park,  1  (MWSU); 
Buffalo  Lake,  3  (MWSU);  0.5  mi.  E  Buffalo  Lake,  1  (MWSU);  Buffalo  Creek  Reservoir,  1 
(MWSU);  5.5  mi.  NW  Iowa  Park,  29  (28  TU,  1  MWSU);  5  mi.  NW  Iowa  Park,  1 
(MWSU);  Iowa  Park  Lake,  1  (MWSU);  1  mi.  W  Iowa  Park,  1  (MWSU);  3  mi.  N  Iowa 
Park,  1  (MWSU);  20  mi.  NE  Iowa  Park,  1  (MWSU);  10.5  mi.  NNE  Iowa  Park,  1 
(MWSU).  Archer  County:  Lake  Diversion,  2  (MWSU);  2  mi.  E  Lake  Diversion,  1 
(MWSU);  3  mi.  E  Lake  Diversion,  1  (MWSU). 

1970,  80. — Texas.  Motley  County:  1  mi.  E  Matador,  1  (TTU);  10  mi.  E  Matador,  1 
(TTU);  7.8  mi.  E  jet.  US  83  and  US  70  and  US  70,  1  (TTU).  Hardeman  County:  2.5  mi.  N, 
5.25  mi.  W  Quanah,  1  (TTU);  1.5  mi.  N,  2.5  mi.  E  Quanah,  17  (TTU);  Claude  Holeomb 
Raneh,  3  mi.  NE  Quanah,  31  (TTU);  3  mi.  NE  Quanah,  4  (TTU);  0.75  mi.  S,  4.75  mi.  E 
Quanah,  1  (TTU);  2.6  mi.  N,  6.7  mi.  E  Quanah,  1  (TTU);  0.75  mi.  S,  7  mi.  E  Quanah,  1 
(TTU);  2.5  mi.  N  jet.  FM  2006  and  US  287,  1  (TTU);  0.25  mi.  N,  7.75  mi.  E  Quanah,  1 
(TTU);  3.2  mi.  N,  1  mi.  E  jet.  FM  2006  and  US  287,  1  (TTU);  2.2  mi.  N,  8.75  mi.  E 
Quanah,  1  (TTU);  1.5  mi.  N,  9.5  mi.  E  Quanah;,  1  (TTU);  3.2  mi.  N,  1.2  mi.  E  jet.  FM 
2006  and  US  287,  1  (TTU);  1  mi.  N,  9.5  mi.  E  Quanah,  1  (TTU);  0.5  mi.  S,  9.5  mi.  E 
Quanah,  1  (TTU).  Wichita  County:  5  mi.  NW  Iowa  Park,  3  (MWSU);  4.7  mi.  NW  Iowa 
Park,  10  (TU). 

1971,  7.— Texas.  Wichita  County:  12  mi.  WNW  Iowa  Park,  1  (MWSU);  12  mi.  NW  Iowa 
Park,  1  (MWSU);  Buffalo  Creek  Reservoir,  2  (MWSU);  5  mi.  NW  Iowa  Park,  2  (MWSU). 
Areher  County:  27  mi.  W  Wiehita  Falls,  1  (TCWC). 

1972,  15.— Texas.  Wichita  County:  7.5  mi.  NW  Iowa  Park,  1  (MWSU);  6.2  mi.  W  Iowa 
Park,  10  (USNM);  Buffalo  Creek  Reservoir,  1  (MWSU);  6  mi.  NW  Iowa  Park,  1  (MWSU); 
5  mi.  NW  Iowa  Park,  1  (MWSU);  5  mi.  N  Iowa  Park,  1  (TCWC). 

1973,  10.— Texas.  Wichita  County:  6.2  mi.  W  Iowa  Park,  9  (7  TU,  2  USNM);  5  mi.  W 
Iowa  Park,  1  (MWSU). 

1974,  16. — Texas.  Wichita  County:  2  mi.  E  Eleetra,  1  (MWSU);  8  mi.  WNW  Iowa  Park, 
1  (MWSU);  6.2  mi.  W  Iowa  Park,  3  (USNM);  6  mi.  NW  Iowa  Park,  1  (MWSU);  8  mi.  N 
Iowa  Park,  10  (MWSU). 

1975,  4. — Texas.  Wichita  County:  9  mi.  N  Iowa  Park,  4  (MWSU). 

1976,  2. — Texas.  Montague  County:  5  mi.  W  Stoneburg,  1  (MWSU);  0.5  mi.  S  Bowie,  1 
(MWSU). 

1978,  1. — Texas.  Foard  County:  2.5  mi.  N  Crowell,  1  (MWSU). 

1979,  1. — Texas.  Wichita  County:  6  mi.  N  Iowa  Park,  1  (MWSU). 

1980,  2. — Texas.  Wichita  County:  6  mi.  N  Iowa  Park,  2  (MWSU). 

1985,  1. — Texas.  Cottle  County:  1.2  mi.  N,  1.1  mi.  E  jet.  FM  1033  and  FM  104,  1  (TTU). 

1986,  7. — Texas.  Hardeman  County:  4  mi.  S  Medieine  Mound,  1  (MWSU).  Wichita 
County:  2.5  mi.  E  Haynesville,  1  (TTU);  7  mi.  E  Haynesville,  1  (TTU);  6  mi.  W  Iowa  Park, 
1  (TTU);  4  mi.  W,  2  mi.  N  Iowa  Park,  1  (MWSU);  3  mi.  NNW  Iowa  Park,  1  (MWSU);  5.5 
mi.  N  Iowa  Park,  1  (MWSU). 

1987,  3. — Texas.  Wichita  County:  6  mi.  W,  8  mi.  N  Iowa  Park,  1  (TTU);  6  mi.  W,  6  mi. 
N  Iowa  Park,  1  (TTU);  6  mi.  W,  4  mi.  N  Iowa  Park,  1  (TTU). 
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Abstract. — The  bivalve  fauna  of  the  lower  portion  of  the  Rio  Grande  consists  of  nine 
species  of  unionids,  two  species  of  fingernail  clams,  and  the  introduced  Asiatic  clam.  The 
native  fauna  has  been  affected  by  river  impoundment,  agricultural  redistribution  of  water, 
and  water  pollution.  Species  characteristic  of  lentic  waters  are  derived  from  the 
Mississippian  (Interior  Drainage)  Faunal  Zone,  but  species  typical  of  lotic  waters  are 
derived  from  the  Mexican  Gulf  Coast  Faunal  Zone.  Key  words:  bivalves;  Rio  Grande, 
Texas. 


Although  the  Rio  Grande  is  one  of  the  longest  river  systems  in  North 
America,  little  is  known  of  the  freshwater  bivalve  fauna  in  this  drainage 
system.  Early  international  boundary  survey  expeditions  (Bartlett,  1854; 
Emory,  1857;  Dali,  1896;  discussion  by  Taylor,  1967)  did  not  collect 
specimens  in  this  area  with  the  exception  of  Uniomerus  tetralasmus 
manubius  (Gould,  1856).  However,  two  new  species  (Anodonta  henryiana 
and  Unio  berlandieri)  were  described  by  Lea  (1857)  from  shells  collected 
by  Jean  Louis  Berlandier  during  the  1830s  or  1840s  when  Berlandier  lived 
in  Matamoros  (Geiser,  1948;  Berlandier,  1980).  Lt.  D.  N.  Couch 
conducted  an  expedition  into  southern  Texas  and  northern  Mexico  for 
the  Smithsonian  Institution  in  1853-54,  at  which  time  he  purchased  part 
of  the  collection  of  Berlandier. 

Only  limited  bivalve  collecting  activities  in  the  lower  Rio  Grande  have 
been  repdorted  since  the  middle  nineteenth  century.  Singley  (1893)  listed 
only  two  species,  Anodonta  grandis  and  Lampsilis  teres,  from  the  lower 
Rio  Grande.  Interestingly,  no  records  of  the  two  taxa  described  by  Lea 
(IS51 -Anodonta  henryiana  and  Unio  berlandieri)  were  given.  These 
omissions  are  puzzling  because  one  of  Lea’s  species  {U.  berlandieri,  now 
known  as  Cyrtonaias  tampicoensis)  is  by  far  the  most  abundant  native 
bivalve  in  this  area.  Strecker  (1931)  merely  repeated  the  same  species 
listed  by  Singley  (1893),  and  credited  the  records  to  Singley  and  Frierson. 
Metcalf  and  Stern  (1977)  reported  six  living  species  with  three  or  four 
additional  species  in  the  “lower  mainstream  of  the  Rio  Grande”  but  gave 
no  details  on  collection  localities.  No  data  are  available  on  the  fish  host 
of  any  unionid  in  the  lower  Rio  Grande  (Fuller,  1974),  and  few  such 
records  are  known  for  Texas  (Shira,  1913). 

The  Rio  Grande  is  an  important  stream  biogeographically  (Neck, 
1982),  because  the  fauna  differs  somewhat  from  the  drainages  to  the 
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north  and  south  (Pilsbry,  1909;  Strecker,  1931).  A  survey  of  the 
freshwater  bivalves  of  the  lower  Rio  Grande  is  herein  presented.  The 
study  area  includes  the  Rio  Grande  below  and  including  Falcon  Lake  as 
well  as  distributaries  of  the  river.  Collecting  localities  were  sampled  in  the 
counties  of  Cameron,  Hidalgo,  Starr,  and  Zapata. 

Waters  of  the  lower  Rio  Grande  exhibit  limited  habitat  diversity  and 
have  experienced  significant  human  modification.  Most  of  the  length  of 
the  lower  Rio  Grande  has  a  sandy  substrate,  although  sandstone  cobbles 
and  gravels  occur  upstream  from  Roma,  Starr  County.  The  predominant 
waterways  are  abandoned  river  channels,  known  locally  as  resacas.  Under 
present  conditions,  these  vary  from  highly  silted,  shallow  ditches  to 
artificially  deepened  pools  used  for  storage  of  irrigation  or  municipal 
water.  Irrigation  water  is  distributed  to  agricultural  fields  via  open 
gravity  canals  and  small  lateral  canals  with  clay  bottoms,  although  the 
major  distribution  canals  are  concrete-lined.  Part  of  the  lower  Rio 
Grande  was  inundated  following  impoundment  of  water  behind  Falcon 
Dam  in  1954.  Drainage  ditches  function  to  remove  runoff  water  and 
lower  the  water  table  where  landforms  are  characterized  by  low  elevation 
and  where  there  may  be  potentially  damaging  salinity  levels. 

Methods 

Following  an  analysis  of  freshwater  habitats  present  in  the  lower  Rio  Grande, 
representative  sites  of  each  habitat  were  located  and  sampled  using  standard  collection 
procedures  for  bivalves.  Procedures  included  visual  inspection,  dragging  rakes  and  nets 
along  benthic  substrates,  in-water  sampling  using  hands  and  feet,  and  an  Eckman  dredge. 
Temporarily  dry  habitats  were  sampled  by  pedestrian  survey. 

Species  collected  are  discussed  below;  habitat  occurrence  is  summarized  in  Table  1. 
Representative  shells  have  been  deposited  in  the  Dallas  Museum  of  Natural  History  and  the 
Museum  of  Arid  Land  Biota  of  The  University  of  Texas  at  El  Paso. 

Collection  Localities 

The  following  localities  were  examined  for  freshwater  mussels  during  this  study.  No 
localities  were  examined  in  Willacy  County,  which  possesses  no  permanent  water. 

Cameron  County. — Resaca  de  Los  Fresnos,  San  Benito;  Resaca  del  Rancho  Viejo  at 
Tandy  Road;  Resaca  de  la  Palma,  Resaca  de  la  Palma  State  Park;  Town  Resaca  at  Texas 
Highway  4,  Brownsville;  lake,  Arroyo  Colorado  State  Park;  numerous  drainage  ditch  and 
irrigation  canal  localities  within  and  peripheral  to  Brownsville. 

Hidalgo  County. — Crow  Lake,  2  km.  W  La  Joya  at  U.S.  Highway  83;  Lake  Edinburg,  8 
km.  N  Edinburg;  Monte  Alto  Reservoir,  5  km.  N  Monte  Alto;  Llano  Grande  Lake  at  FM 
1015;  Rio  Grande,  above  and  below  Anzalduas  Dam;  Rio  Grande,  Santa  Ana  National 
Wildlife  Refuge. 

Starr  County. — Pond,  3.6  km.  S  Garciasville;  Rio  Grande,  immediately  below  Falcon 
Dam,  Chapeno  gaging  station.  Fronton,  and  Roma. 

Zapata  County. — Falcon  Reservoir;  Falcon  State  Park  and  U.S.  Highway  83  (5  km.  S 
Zapata). 
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Species  Accounts 

Anodonta  imbecilis  Say,  1829. — This  thin-shelled  mussel  is  found  in 
the  shallow  portions  of  large  resacas,  even  those  with  fluctuating  water 
levels.  Shell  color  is  horn  brown  to  pale  honey  brown  with  green  rays 
present  in  some  individuals.  Lea  (1857)  described  Unio  henryiana  from 
Matamoros;  subsequent  workers  (Frierson,  1927)  have  considered  it  as 
synonymous  with  A.  imbecilis.  The  taxonomic  relationship  of  henryiana 
to  central  Texas  populations  of  A.  imbecilis  (described  as  Anodon  horda 
Gould,  1855)  is  unclear. 

Anodonta  grandis  grandis  Say,  1829. — This  large,  thin-shelled  unionid 
is  quite  rare  in  the  present-day  lower  Rio  Grande,  although  it  is  one  of 
only  two  species  reported  by  Singley  (1893)  and  Strecker  (1931). 
Anodonta  grandis  is  not  present  in  impounded  water  in  the  lower  Rio 
Grande  as  it  is  in  central  and  northern  Texas.  Whether  this  difference  in 
adaptability  is  due  to  genetic  or  environmental  factors  is  unknown.  Ellis 
et  al.  (1930)  reported  ^"Anodonta  limneana''  [i'/c]  from  canals  at 
Mercedes,  Texas.  This  taxon  correctly  is  A.  linneana  Lea,  1852,  now 
considered  a  synonym  of  A.  grandis  (Frierson,  1927). 

Uniomerus  tetralasmus  manubius  (Gould,  1855). — This  species  is 
known  from  the  upper  part  of  the  study  area  only.  Gould  (1855) 
described  Unio  manubius  from  a  locality  in  “Chihuahua,  60  miles  from 
Camp  Ringgold.”  Taylor  (1967)  has  located  the  type  locality  as 
Puntiagudo,  Nuevo  Leon,  on  the  Rio  Agualeguas  about  five  kilometers 
northeast  of  the  present  town  of  General  Trenino.  U.  manubius  was 
illustrated  by  Johnson  (1964:  p.  32,  fig.  5)  and  has  been  treated  as  a 
subspecies  (Frierson  1927)  or  variety  (Simpson,  1900,  1914)  of 

tetralasmus.  Morrison  (1977)  considered  manubius  a  synonym  of  declivus 
(Say,  1831),  which  may  be  the  proper  specific  epithet  for  Rio  Grande 
populations  (also  see  Frierson,  1903).  U.  tetralasmus  has  not  been  found 
in  the  resacas  of  the  lower  Rio  Grande  or  elsewhere  in  the  drainage  since 
the  initial  description,  except  for  specimens  collected  in  the  1920s  by  R. 
D.  Camp  (specimens  in  the  Corpus  Christi  Museum — Neck,  1987).  Given 
the  ability  of  various  species  of  Uniomerus  to  withstand  desiccation  of 
habitat  (see  summary  by  van  der  Schalie,  1940),  this  species  should  be 
abundant  in  resacas.  The  absence  of  Uniomerus  from  these  lentic,  clay- 
bottomed  bodies  of  water  may  indicate  that  manubius  is  particularly 
adapted  to  ponded  areas  of  intermittent  streams  in  upland  sandstone 
areas  similar  to  those  of  the  type  locality. 

Megalonaias  gigantea  (Barnes,  1823). — This  large  mussel  is  quite  rare, 
possibly  extinct,  in  the  lower  Rio  Grande.  Historically  restricted  to  the 
breaks  of  the  lower  Rio  Grande  in  the  vicinity  of  present  Falcon  Dam, 
no  living  specimens  were  recovered  in  this  study.  However,  fresh  valves 
were  recovered  at  Chapeno,  2.3  kilometers  below  Falcon  Dam  (in 
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December  1975  and  May  1976).  No  specimens  have  been  recovered  from 
Falcon  Reservoir. 

Quadrula  apiculata  speciosa  (Lea,  1862). — Metcalf  (1982)  reported  this 
western  species  of  the  widespread  Quadrula  quadrula  complex  from  the 
Rio  Grande  between  Falcon  Dam  and  Chapeho.  In  the  present  survey,  it 
was  collected  in  Falcon  Reservoir,  Resaca  de  Los  Fresnos  in  San  Benito, 
and  Lake  Monte  Alto  (Delta  Lake).  Shells  of  the  Rio  Grande  population 
tend  to  be  less  inflated  than  those  of  specimens  from  the  rest  of  Texas, 
but  most  closely  resemble  shells  found  in  the  Nueces  River  (the  next  river 
system  to  the  north).  Such  flattening  may  indicate  that  these  shells  are 
from  a  native  population  adapted  to  the  relatively  fast  waters  of  the 
Falcon  Breaks.  In  a  comprehensive  analysis  of  the  Quadrula  quadrula 
complex,  Neel  (1941)  considered  apiculata  to  be  a  phase  of  Q.  quadrula. 
Treatment  of  apiculata  as  a  species  follows  Bereza  and  Fuller  (in  Roback 
et  al.,  1980). 

Popenaias  popei  (Lea,  1857). — This  species  is  also  quite  rare  in  the 
lower  Rio  Grande.  Modern  records  of  living  specimens  are  restricted 
there  to  Chapeno  below  Falcon  Dam,  although  specimens  collected  by  R. 
D.  Camp,  allegedly  from  near  Brownsville,  are  in  collections  of  the 
Corpus  Christi  Museum.  The  ''Unio  paper  discussed  and  illustrated  by 
Chamberlain  (1930)  and  referenced  by  Ellis  et  al.  (1930)  is,  in  reality,  the 
following  species. 

Cyrtonaias  tampicoensis  berlandieri  (Lea,  1857). — This  unionid  is  the 
largest  and  most  abundant  bivalve  in  the  lower  Rio  Grande  (given  the 
apparent  modern  absence  of  the  normally  larger  A.  grandis).  These  two 
characteristics  make  the  absence  of  records  of  C.  t.  berlandieri  from  the 
Rio  Grande  in  Singley  (1893)  and  Strecker  (1931)  most  remarkable.  Lea 
(1857)  described  Unio  berlandieri  from  Matamoros,  Tamaulipas,  Mexico. 
This  taxon  has  been  considered  synonymous  with,  or  as  a  subspecies  of, 
Cyrtonaias  tampicoensis  (Lea,  1838)  by  various  workers.  Growth  rates 
and  blood  physiology  of  Cyrtonaias  from  the  lower  Rio  Grande  were 
discussed  by  Chamberlain  (1930)  and  Ellis  et  al.  (1930),  respectively 
(although  identified  as  Unio  popei).  Nacre  color  varies  from  clean  white 
with  faint  iridescence  to  deep  purple;  intermediate  colors  include  white 
with  pink  and  purple  suffusion  to  pale  purple  or  pink.  Pure  white  nacre 
is  rare  in  Rio  Grande  specimens;  pink  to  purple  suffusion  is  almost 
always  present.  Nacre  color  is  apparently  under  genetic  control,  as 
variation  occurs  in  all  size  classes  from  a  single  locality. 

Potamilus  salinasensis  (Simpson,  1908). — This  enigmatic  taxon  is 
extremely  rare  in  the  lower  Rio  Grande;  only  weathered  shells  were 
found  just  below  Falcon  Dam.  This  species  has  been  confused  with 
Potamilus  purpuratus  (Lamarck,  1819)  but  has  white  nacre.  An 
alternative  name  for  this  taxon  is  Potamilus  fimbriatus  (Frierson,  1907) 
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{fide  Bereza,  1980).  Generic  placement  of  this  species  remains  uncertain; 
general  shell  appearance  resembles  that  of  a  small  Leptodea  fragilis. 

Lampsilis  teres  (Rafinesque,  1820). — This  wide-ranging  species  is  fairly 
common  in  the  larger  resacas,  being  second  in  abundance  to  Cryptonaias. 
Both  Chamberlain  (1930)  and  Ellis  et  al.  (1930)  studied  specimens  of  this 
species  from  canals  at  Mercedes.  The  phenotype  found  in  the  lower  Rio 
Grande  is  quite  different  from  the  plethora  of  those  found  in  the  eastern 
United  States,  a  fact  recognized  by  Chamberlain  (1930);  shells  are  robust 
and  exhibit  a  matte-banana  yellow  color  with  no  hint  of  greenish  rays. 
Old  individuals  in  permanent  water  develop  a  gap  between  the  valves, 
which  would  jeopardize  survival  during  extremely  low  water  periods. 
Brown  staining,  which  increases  with  age,  is  observed  in  some 
individuals.  A  constriction  of  the  ventral  shell  margin  occurs  posterior  to 
the  umbonal  area.  The  constriction  is  more  pronounced  in  younger  shells, 
but  even  in  these  shells  it  is  not  prominent.  Parmalee  (1967)  associated 
such  a  constriction  with  L.  fallaciosa  (Smith,  1898),  a  distinction  not 
considered  valid  by  others  (Valentine  and  Stansbery,  1971).  According  to 
characters  listed  by  Morrison  (1978),  the  Lampsilis  teres  population  in 
the  lower  Rio  Grande  combines  features  of  nominate  teres  and 
anodontoides  (Lea,  1831.)  Although  Ortmann  and  Walker  (1922)  rejected 
teres  in  favor  of  anodontoides  based  on  comments  by  H.  A.  Pilsbry, 
Johnson  (1972)  has  cited  reasons  for  using  teres. 

Toxolasma  parvus  (Barnes,  1823). — This  small  species  is  quite  rare  in 
the  lower  Rio  Grande  area  where  it  inhabits  shallow,  protected  areas  of 
resacas.  Specimens  from  the  lower  Rio  Grande  vary  from  slightly  yellow 
brown  to  dark  brown  in  color.  Three  taxa  {Unio  bairdianus  Lea,  1857; 
Lampsilis  texasensis  compressus  Simpson,  1900;  Lampsilis  mearnsi 
Simpson,  1900)  were  described  from  populations  in  Las  Moras  Creek  and 
the  Devil’s  River  (both  part  of  the  Rio  Grande  system).  Individuals  from 
the  lower  Rio  Grande  resemble  shells  of  specimens  illustrated  by  Murray 
and  Leonard  (1962:pl.  37),  Parmalee  (1967:pl.  19A)  and  Starrett  (1971:pl. 
4,  fig.  23). 

Corbicula  fluminea  (Muller,  1774). — The  Asiatic  clam  first  was 
collected  in  the  lower  Rio  Grande  in  February  1969  (C.  Boone,  in 
Murray,  1971),  from  Falcon  Lake.  This  small  clam  is  uncommon  in 
resacas  and  irrigation  ditches.  Absence  of  this  species  in  irrigation 
reservoirs  some  distance  from  the  river  indicates  a  limited  survival  period 
in  open  silt-bottomed  canals.  Little  reproduction  occurs  in  irrigation 
canals,  so  the  limit  of  Corbicula  colonization  may  be  controlled  by 
planktonic  larval  life  length  and  velocity  of  water  before  reaching  a 
suitable  reservoir.  However,  a  population  does  exist  in  Monte  Alto 
Reservoir.  The  densest  population  observed  was  in  sand  bars  below 
Anzalduas  Dam.  Mature  specimens  from  the  lower  Rio  Grande  are  large 
with  shell  lengths  up  to  52.9  mm  (in  Llano  Grande  Lake).  Shells  have  a 
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pale  purplish  nacre  and  a  yellow  to  honey  brown  periostracum,  and  are 
referable  to  the  “white  morph”  of  Hillis  and  Patton  (1982). 

Fingernail  clams. — No  records  of  the  much  smaller  fingernail  clams 
(family  Pisiidae)  previously  were  known  from  southern  Texas.  Two 
species,  Sphaerium  partumeium  (Say,  1822)  and  Sphaerium  transversum 
(Say,  1829)  were  recovered  from  an  urban  resaca  in  Brownsville. 

Discussion 

The  largest  numbers  of  species  are  found  in  free-flowing  portions  of 
the  Rio  Grande  and  the  resaca  system  (Table  1).  These  two  habitats, 
although  impacted  by  human  activities,  are  the  habitats  most  like  the 
natural  aquatic  environments  of  the  lower  Rio  Grande  Valley  of  Texas. 
Lakes,  canals,  and  Falcon  Lake  support  fewer  numbers  of  species 
because  these  artificial  habitats  present  biological  and  physical  barriers 
that  are  insurmountable  for  most  of  the  bivalve  species  of  the  lower  Rio 
Grande.  No  bivalves  were  found  in  drainage  ditches.  Poor  water  quality 
(high  salinity,  pesticide  and  organic  matter  levels),  periodic  low  water 
flow,  and  excessive  siltation  make  these  waterways  an  environment 
inimical  to  establishment  and  maintenance  of  bivalve  populations. 
Additionally,  periodic  maintenance  dredging  removes  whatever  individu¬ 
als  were  able  to  colonize  these  ditches. 

The  naiad  fauna  of  the  lower  Rio  Grande  is  derived  from  two  basic 
zoogeographical  zones  (Roback  et  al.,  1980).  The  Mississippian  (or 
Interior  Basin)  Faunal  Zone  has  provided  approximately  two-thirds  of 
the  taxa  represented  in  this  classification  (Table  1);  they  tend  to  be  slow- 
water  species.  The  other  one-third  are  derived  from  the  Mexican  Gulf 
Coast  Faunal  Zone;  species  in  this  category  (Table  1)  are  characteristic  of 
fast-moving  waters  with  the  exception  of  Cyrtonaias.  Note  that  two  of 
the  species  with  Mexican  affinity  may  be  endemic  to  the  Rio  Grande 
System  (see  Table  1). 

The  ecological  differences  between  the  two  groups  according  to 
biogeographical  province  may  reflect  differential  ease  of  dispersal.  The 
broad  coastal  plain  of  Texas  contains  a  series  of  low-gradient  streams  on 
soft  substrate,  whereas  the  coastal  plain  of  Mexico  becomes  quite  narrow 
south  of  the  Rio  Grande  as  Cretaceous  highlands  approach  the  Gulf 
Coast.  Coastal  plain  meandering  of  rivers  and  migrating  freshwater  fauna 
from  the  south  may  have  been  restricted  to  periods  of  glacial  maxima 
when  additional  land  was  exposed  because  of  depressed  sea  level. 

Several  bivalve  species  reported  from  the  Rio  Grande  system  were  not 
found  in  the  lower  Rio  Grande  area  as  sampled  in  this  study.  Strecker 
(1931)  reported  Potamilus  purpuratus  from  Val  Verde  County,  but 
examination  of  Strecker  collections  in  the  Strecker  Museum  (Baylor 
University)  has  revealed  that  Strecker  often  confused  P.  purpuratus  with 
Cyrtonaias  tampicoensis  berlandieri.  Cheatum  (1976)  recorded  P. 
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Table  1.  Bivalve  species  occurrence  in  several  habitats  in  the  lower  Rio  Grande;  River 
refers  to  the  Rio  Grande,  Falcon  refers  to  Falcon  Lake.  The  following  abbreviations  are 
employed:  A  =  abundant,  C  =  common,  O  =  occasional,  R  =  rare;  Mi  =  Mississippian 
species.  Me  =  Mexican  species,  A  =  Asian  species;  S  =  slow  water,  F  =  fast  water;  * 
may  be  endemic  to  Rio  Grande  system. 


Species 

River 

Falcon 

Resacas 

Lakes 

Canals 

Affinity 

Water 

Anodonta  imbecilis 

O 

C 

C 

O 

- 

Mi 

S 

Anodonta  grandis 

- 

- 

R 

R 

- 

Mi 

S 

Megalonaias  gigantea 

R 

- 

- 

- 

- 

Mi 

F 

Quadrula  apiculata 

O 

o 

O 

R 

- 

Mi 

S 

Popenaias  popei 

O 

- 

- 

- 

- 

Me* 

F 

Cyrtonaias  tampicoensis 

A 

c 

A 

A 

A 

Me 

S 

Potamilus  salinasensis 

R 

- 

- 

- 

- 

Me* 

F 

Lampsilis  teres 

C 

- 

C 

- 

O 

Mi 

S 

Toxolasma  parvus 

- 

- 

O 

- 

- 

Mi 

s 

Corbicula  fluminea 

A 

c 

0 

0 

o 

A 

F 

Sphaerium  partumeium 

- 

- 

R 

- 

- 

Mi 

S 

Sphaerium  transversum 

- 

- 

R 

- 

- 

Mi 

s 

Total  species  (12) 

8 

4 

9 

5 

3 

- 

- 

purpuratus  from  “as  far  west  in  Texas  as  the  Pecos  River,”  but  probably 
made  the  same  mistake  (or  simply  believed  Strecker,  1931).  Strecker 
(1931)  also  reported  Amblema  plicata  from  Kinney  County,  but  Taylor 
(1967)  considered  this  to  represent  Megalonaias  gigantea.  Truncilla 
cognata  (Lea,  1860)  has  been  reported  by  Bereza  (1980)  and  taken  by 
Metcalf  (1982).  Quadrula  couchiana  (Lea,  1860)  is  known  presently  only 
from  fossil  shells  in  the  Rio  Grande  system  (Metcalf,  1982),  although  the 
original  description  of  the  species  was  made  from  fresh  shells.  Toxolasma 
texasensis  (Lea,  1857)  was  reported  from  Las  Moras  Creek,  Kinney 
County  by  Mearns  (1907).  These  species  apparently  are  absent  from  the 
lower  Rio  Grande,  although  the  Falcon  Lake  area  once  may  have 
supported  populations  of  them.  Other  reports  of  unionids  from  the  upper 
Rio  Grande  include  Cockerell  (1902),  Henderson  (1933),  and  Metcalf 
(1974). 

The  major  human  impact  on  bivalve  populations  of  the  lower  Rio 
Grande  has  been  from  the  varied  water  projects  associated  with  flood 
control,  distribution  of  irrigation  water,  and  drainage  of  water  off 
agricultural  lands  (Foscue,  1933).  Construction  of  a  massive  levee  system 
in  the  1930s  has  restricted  floodwaters  of  the  Rio  Grande  to  a  relatively 
narrow  strip  along  the  natural  channel  of  the  river  and  several  artificial 
floodways.  Species  adapted  to  lotic  waters,  Megalonaias  gigantea, 
Popenaias  popei,  and  Potamilus  salinasensis,  for  example,  are  particu¬ 
larly  rare  in  the  present  lower  Rio  Grande  system. 

Creation  of  Falcon  Reservoir  most  likely  decimated  the  lotic  habitat  of 
the  bivalves  in  the  lower  Rio  Grande,  although  this  fauna  may  have  been 
a  low  density  community  under  natural  conditions.  Most  of  the  shoreline 
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of  Falcon  Reservoir  is  Tertiary  bedrock,  generally  sandstones.  High- 
energy  shorelines  support  few  bivalves  except  for  Corbicula  fluminea, 
which  is  locally  abundant,  but  the  massive  bars  of  shells  seen  in  central 
Texas  (Austin,  below  Longhorn  Dam  in  Colorado  River)  are  not  present. 
Protected  coves  accumulate  sufficient  soft  substrate  (sand  and  mud)  to 
support  low-density  populations  of  Cyrtonaias  tampicoensis  berlandieri, 
Anodonta  imbecilis,  Quadrula  apiculata  speciosa,  and  occasionally 
Corbicula  fluminea.  The  variable  level  of  Falcon  Lake  may  favor  the 
Asiatic  clam  over  the  four  unionid  species,  because  that  clam  has  a 
greater  fecundity,  has  no  requirement  of  a  host  fish,  and  is  less  dependent 
on  a  particular  orientation  in  relation  to  the  substrate-water  interface. 

Earthen-lined  irrigation  canals  supported  dense  populations  of  Cyrto¬ 
naias  tampicoensis  berlandieri  and  Lampsilis  teres  (Garrett,  1929; 
Chamberlain,  1930);  however,  these  populations  were  decimated  when  the 
major  distribution  canals  were  lined  with  concrete  in  the  1930s.  Concrete- 
lined  canals  may  harbor  clams  if  silt  accumulation  is  sufficiently  deep, 
but  canals  that  are  seasonally  dry  are  unsuitable  for  unionid  populations. 

A  tendency  to  deepen  and  widen  resacas  in  urban  areas  would  appear 
to  increase  bivalve  habitat  area,  especially  as  water  levels  are  maintained 
at  higher  levels  more  consistently.  A  decline  in  the  abundance  of  unionids 
in  the  resacas  east  of  Brownsville  was  observed  during  the  1950s  (B.  T. 
Warburton,  personal  communication).  This  decline  occurred  during  a 
period  of  widespread  utilization  of  DDT.  However,  survival  of  unionid 
populations  in  present  resacas  west  of  Brownsville  indicates  that  other 
factors  were  involved  in  the  eastern  area,  such  as  increased  levels  of 
urban  pollutants,  for  example — petroleum  or  sewage  products. 

A  button  industry,  which  utilized  shells  of  freshwater  mussels,  existed  in 
Mercedes  from  1928  to  the  late  1940s  (Garrett,  1929).  Mussels  were 
collected  from  reservoirs  and  irrigation  canals.  Buttons  made  from  these 
mussels  were  considered  of  marginal  quality;  development  of  plastic 
buttons  rapidly  replaced  demand  for  shell  buttons.  Only  larger  shells  of 
Crytonaias  tampicoensis  berlandieri  were  acceptable  for  the  manufactur¬ 
ing  process.  Shells  of  Lampsilis  teres,  a  species  that  occurred  in  the  same 
habitats,  were  not  utilized. 
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DYNAMICS  OF  ESTABLISHMENT,  GROWTH,  AND 
DEVELOPMENT  OF  BLACK  WILLOW  AND  COTTONWOOD 
IN  THE  SAN  ANTONIO  RIVER  FOREST 
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Division  of  Life  Science,  The  University  of  Texas  at  San  Antonio, 

San  Antonio,  Texas  78285 


Abstract. — Black  willow  {Salix  nigra)  had  its  greatest  density,  basal  area,  and 
importance  five  meters  from  the  edge  of  the  San  Antonio  River.  Sapling  density  decreased 
to  zero  away  from  the  river,  but  the  reverse  was  true  for  average  tree  size,  which  increased 
to  a  peak  five  to  10  meters  from  the  river.  A  similar  pattern  occurred  for  cottonwood 
{Populus  deltoides).  Highest  sapling  and  tree  density  was  near  the  river,  but  the  largest  trees 
were  15  to  20  meters  from  the  river.  Few  cottonwood  or  black  willow  saplings  were  found 
below  their  own  canopies  and  none  was  found  below  the  canopies  of  other  species.  Saplings 
of  both  species  were  found  in  river-edge  light-gaps  or  canopy  openings,  but  not  in  flood 
plain  terrace  gaps.  Apparently,  both  species  only  become  established  in  river-edge  light-gaps 
or  on  acceration  bars.  As  time  passes,  the  trees  grow,  sediment  deposition  occurs  on  the 
banks,  and  the  river  edge  slowly  moves  away  from  the  trees.  Mature  trees  20  to  30  meters 
from  the  river  become  senescent,  die,  and  are  replaced  by  species  capable  of  growth  below 
the  canopy  of  the  cottonwood  and  black  willow  trees.  Key  words:  growth;  development; 
cottonwood;  black  willow;  San  Antonio  River,  Texas. 


Although  many  riparian  forests  of  eastern  Texas  have  been  described 
(Nixon  and  Rains,  1976;  Marks  and  Harcombe,  1981;  Nixon  et  al.,  1983), 
fewer  studies  of  the  riparian  communities  of  central  and  western  Texas 
have  been  completed  (see  Diamond  et  al.,  1987).  Ford  and  Van  Auken 
(1982)  described  the  narrow  riparian  forest  of  the  Guadalupe  River  in  the 
Edwards  Plateau.  Significant  differences  occurred  in  community  parame¬ 
ters  between  the  river  edge  and  the  upper  part  of  the  riparian  forest.  The 
principal  river-edge  dominant  was  bald  cypress  {Taxodium  distichum); 
however,  boxelder  {Acer  negundo),  Texas  sugarberry  {Celtis  laevigata), 
pecan  {Carya  illinoensis),  and  black  willow  {Salix  nigra)  were  present. 
Cottonwood  {Populus  deltoides)  density  was  so  low  that  it  was  not 
detected.  Bush  and  Van  Auken  (1984)  investigated  the  San  Antonio  River 
forest  in  the  South  Texas  Plains  Region.  Dominants  of  this  riparian 
forest  were  Texas  sugarberry,  boxelder,  cedar  elm  {Ulmus  crassifolia), 
and  cottonwood.  Bald  cypress  density  was  so  low  it  was  not  detected. 

The  width  of  the  San  Antonio  River  flood  plain  near  Floresville, 
Texas,  averages  60  meters.  Because  the  flood  plain  is  so  narrow,  large 
stands  of  black  willow,  cottonwood,  or  mixed  hardwoods  like  those 
found  on  flood  plains  of  rivers  of  the  north-central  United  States  are  not 
present  (Hosner  and  Minckler,  1963;  Everitt,  1968;  Wilson,  1970). 
Consequently,  studies  of  stand  dynamics  of  cottonwood  and  black  willow 
in  central  and  western  Texas  are  not  readily  completed.  In  general. 
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community  measurements  such  as  density  and  basal  area  change  as  a 
function  of  distance  from  the  river  or  elevation  above  the  river  surface 
(Bell,  1974;  Ford  and  Van  Auken,  1982;  Bush  and  Van  Auken,  1984).  In 
addition,  species  appear  to  be  sorted  out  the  same  way  (Bush  and  Van 
Auken,  1984).  Thus,  individual  species  dynamics  must  be  examined  in 
order  to  understand  replacement  in  this  system.  In  addition,  the  presence 
of  species  in  the  overstory,  understory,  or  both,  should  allow  prediction 
of  their  future  success.  The  location  of  boxelder,  Texas  sugarberry,  and 
gum  bumelia  (Bumelia  lanuginosa)  on  the  flood  plain  of  the  San 
Antonio  River  has  been  established  (Bush  and  Van  Auken,  1984).  The 
purpose  of  this  paper  is  to  demonstrate  the  location  and  dynamics  of 
black  willow  and  cottonwood  growth  in  the  flood  plain  forests  of  the  San 
Antonio  River.  The  overall  goal  is  to  predict  their  success  as  colonizing 
species  or  as  mature  community  species. 

Study  Site 

The  source  of  the  San  Antonio  River  is  a  series  of  springs  within  the  city  of  San  Antonio. 
It  flows  for  approximately  195  kilometers  to  the  southeast,  into  the  Guadalupe  River.  The 
two  flow  together  for  a  short  distance  and  empty  into  San  Antonio  Bay  and  then  into  the 
Gulf  of  Mexico  (Arbingast  et  al.,  1976).  The  study  site  was  located  in  the  northern  portion 
of  the  South  Texas  Plains  Region  (Gould,  1975),  3.8  to  5.0  kilometers  south  of  Floresville, 
Texas.  The  area  is  subtropical  and  is  considered  semiarid  (Thornthwaite,  1948).  It  receives 
70  centimeters  of  rainfall  per  year  with  maxima  in  May  and  September  and  considerable 
variation  (Carr,  1967;  Arbingast  et  al.,  1976).  Peak  temperatures  occur  in  July  or  August, 
lows  occur  in  January  and  the  mean  annual  temperature  is  15.5°C.  Frio  or  Loire  series  soils 
occur  on  the  flood  plain  (Taylor,  1977).  These  soils  are  deep  (240  to  310  centimeters),  well 
drained,  calcareous,  friable,  and  loamy. 


Methods 

Each  riparian  community  examined  was  between  four  and  five  hectares  in  total  area  and 
0.1  to  0.25  hectares  were  sampled  in  each  of  the  seven  transects  in  each  of  the  four 
communities  sampled.  The  communities  selected  for  study  were  mature  and  relatively 
undisturbed,  based  on  visual  inspection.  There  was  no  evidence  of  cutting  or  tree  removal 
except  by  floods.  There  was  no  evidence  of  fire  and  the  area  was  only  lightly  grazed. 

In  the  field,  all  woody  plants  greater  than  one  centimeter  in  diameter  at  breast  height 
were  considered  trees  and  were  measured.  Woody  plants  less  than  one  centimeter  in 
diameter  and  greater  than  0.5  meter  tall  were  considered  saplings  and  were  identified  and 
counted,  but  placed  in  a  separate  category.  Seedlings  (less  than  0.5  meters  tall)  were  not 
inventoried  in  this  study.  Seven  belt  transects  (Greig-Smith,  1964),  parallel  to  the  river,  with 
the  first  adjacent  to  the  river,  were  used.  An  average  of  70,  adjacent,  quadrats  of  five  by 
five  meters  were  used  in  each  transect.  Plants  were  measured  and  identified  using  Correll 
and  Johnston  (1970)  in  the  field,  but  names  were  checked  in  Kartesz  and  Kartesz  (1980). 
Density,  basal  area,  and  importance  values  were  calculated  for  all  species  (Cox,  1985). 
Importance  value  was  the  sum  of  the  relative  density  plus  relative  basal  area  divided  by 
two.  Data  from  the  four  communities  sampled  were  summed  for  each  species  in  each  belt 
transect.  Mean  values  for  each  species  found  in  the  river  bank  forest  (up  to  five  meters  from 
the  river  edge)  are  presented.  Mean  community  density,  basal  area,  and  standard  error  (SE) 
also  are  presented  (SAS,  1979;  Steel  and  Torrie,  1980).  Mean  tree  density,  sapling  density. 
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Table  1.  Mean  density,  basal  area,  and  relative  importance  value  for  the  major  riparian 
forest  species  found  in  San  Antonio  River  edge  forest. 


Species 

Density 
(plants/ ha) 

Basal  area 
(m^ha) 

IV 

(%) 

Boxelder  {Acer  negundo  L.) 

1229 

10.50 

47 

Black  willow  {Salix  nigra  Marsh.) 

85 

14.10 

19 

Texas  sugarberry  {Celtis  laevigata  Willd.) 

242 

3.68 

11 

Cottonwood  {Populus  deltoides  (Bartr.  ex  Marsh.) 

17 

6.12 

8 

American  elm  ( Ulmus  americana  L.) 

9 

2.12 

4 

Cedar  elm  {Ulmus  crassifolia  Nutt.) 

87 

.61 

3 

Red  mulberry  {Morus  rubra  L.) 

39 

.35 

2 

Sycamore  {Plat anus  occidentalis  L.) 

5 

.60 

1 

Peppervine  {Ampelopsis  arborea  [L.]  Koehne.) 

58 

.04 

1 

Pecan  {Carya  illinoensis  [Wang.]  K.  Koch.) 

4 

.13 

1 

Others  (10  Species)* 

95 

.78 

3 

Totals  (x  +  SE) 

1870  ±  217 

39.03  +  4.56 

100 

*Ten  species  had  importance  values  less  than  one  percent  including:  dogwood  {Cornus 
(Jrummondii  C.  A.  Mey.),  mustang  grape  {Vitis  mustangensis  Buckl.),  osage  orange 
{Madura  pomifera  [Raf.]  Schneid.),  trumpet  creeper  {Campsis  radicans  [L.]  Seem,  ex 
Bureau),  ash  (Fraxinus  americana  L.),  soapberry  {Sapindus  drummondii  Hook,  and  Arn.), 
chinaberry  {Melia  azedarach  L.),  poison  ivy  {Toxicodendron  toxicarium  [Salisb.]  Gillis), 
Texas  mulberry  {Morus  microphylla  Buckl.),  and  bull-briar  {Smilax  bona-nox  L.). 

basal  area,  basal  area  per  plant,  and  importance  value  for  black  willow  and  cottonwood  as 
a  function  of  distance  from  the  river  were  calculated  and  are  presented. 

The  number  of  forest  light-gaps  also  was  determined  for  the  entire  riparian  forest  for  all 
four  communities.  Gaps  were  divided  into  upland  and  river  edge.  Mean  gap  size  was 
determined  by  measuring  the  longest  and  shortest  distance  across  all  gaps  from  a  point  on 
the  ground  perpendicular  to  the  canopy  edge  above,  to  the  canopy  edge  on  the  opposite 
side,  dividing  by  two  to  obtain  a  mean  diameter,  and  then  calculating  the  areas  as  a  circle. 
All  black  willow  and  cottonwood  trees  and  saplings  found  in  these  gaps  were  recorded.  All 
overstory  black  willow,  cottonwood,  boxelder,  Texas  sugarberry,  and  cedar  elm  trees  were 
identified  and  located  in  each  flood  plain  forest  examined.  The  number  of  black  willow, 
cottonwood,  boxelder,  Texas  sugarberry,  and  cedar  elm  trees  or  saplings  found  below  each 
overstory  or  canopy  species  also  was  counted. 

Results 

Measurements  of  the  river  bank  forest  community  are  presented  in 
Table  1.  Mean  community  density  was  1870  plants  per  hectare,  whereas 
community  basal  area  was  39.03  square  meters  per  hectare.  High  density 
species,  in  descending  order,  included  boxelder,  Texas  sugarberry,  cedar 
elm,  and  black  willow.  Boxelder  relative  density  was  66  percent.  Species 
with  high  basal  areas  were  black  willow,  boxelder,  cottonwood,  and 
Texas  sugarberry.  Species  with  the  greatest  importance  values  were 
boxelder,  black  willow,  Texas  sugarberry,  and  cottonwood.  Eighty-one 
percent  of  the  saplings  found  in  the  river-edge  forest  were  boxelder; 
saplings  of  11  other  species  were  found  at  much  lower  relative  densities 
(Table  2). 
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Table  2.  Mean  sapling  density  and  relative  density  for  the  San  Antonio  River  edge  forest. 


Species 

Density 
(plants/ ha) 

Relative 
density  (%) 

Boxelder  {Acer  negundo) 

1256 

81 

Texas  sugarberry  {Celtis  laevigata) 

155 

10 

Red  mulberry  {Morus  rubra) 

49 

3 

Cedar  elm  {Ulmus  crassifolia) 

22 

1 

Chinaberry  {Melia  azedarach) 

21 

1 

Ash  {Fraxinus  americana) 

19 

1 

Black  willow  {Salix  nigra) 

9 

1 

Cottonwood  {Populus  deltoides) 

8 

1 

Pecan  {Cary a  illinoensis) 

8 

1 

Button  bush  {Cephalanthus  occidentalis) 

4 

_ * 

American  elm  {Ulmus  americana) 

3 

— 

Soapberry  {Sapindus  drummondii) 

2 

— 

Totals  (x  +  SE) 

1556  ±  426 

100 

*A  dash  indicates  a  relative  density  <  1.0  percent. 


Black  willow  mean  density  was  highest  next  to  the  river  and  decreased 
rapidly  to  four  plants  per  hectare  five  to  10  meters  from  the  river  and  to 
zero  15  to  20  meters  from  the  river  (Fig.  lA).  Cottonwood  mean  density 
responded  in  a  similar  manner,  with  a  slight  increase  five  to  10  meters 
from  the  river  followed  by  a  decrease  to  almost  zero  15  to  20  meters 
from  the  river.  Black  willow  mean  basal  area  was  highest  at  the  river 
edge  and  decreased  quickly  away  from  the  river  (Fig.  IB).  Cottonwood 
mean  basal  area  was  highest  five  to  10  meters  from  the  river  and 
decreased  away  from  the  river,  but  not  as  quickly  as  black  willow.  Black 
willow  mean  importance  was  highest  (19  percent)  at  the  river  edge  and 
decreased  to  two  percent,  five  to  10  meters  from  the  river  edge  and  then 
to  zero  (Fig.  1C).  Cottonwood  importance  was  eight  percent  at  the  river 
edge,  increased  to  19  percent,  five  to  10  meters  from  the  river  edge,  and 
decreased  to  zero  30  to  35  meters  from  the  river  edge.  Black  willow  mean 
basal  area  per  plant  was  quite  low  next  to  the  river,  increased  to 
approximately  5000  square  centimeters  five  to  10  meters  from  the  river 
edge,  and  then  decreased  almost  to  zero  10  to  15  meters  from  the  river 
edge  (Fig.  ID).  Cottonwood  was  a  little  different  in  that  its  mean  basal 
area  per  plant  was  approximately  4000  square  centimeters  per  plant  next 
to  the  river  and  increased  to  a  peak  of  17,000  square  centimeters  per 
plant  15  to  20  meters  from  the  river  edge.  The  size  of  the  cottonwood 
trees  then  decreased  to  zero,  30  to  35  meters  from  the  river  edge. 

Saplings  of  black  willow  were  completely  restricted  to  the  river-edge 
community,  decreasing  to  zero  five  to  10  meters  from  the  edge  (Fig.  2A). 
Cottonwood  saplings  were  not  as  restricted  as  black  willow.  The  highest 
number  of  cottonwood  saplings  was  found  at  the  river  edge,  decreasing 
to  zero  10  to  15  meters  from  the  edge.  Total  sapling  density  was  related 
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X  DISTANCE  (METERS)  *  DISTANCE  (METERS) 


Figure  1.  A,  Mean  density;  B,  mean  basal  area;  C,  mean  importance;  and  D,  mean  basal 
area  per  plant  for  black  willow  {Salix  nigra)  and  cottonwood  {Populus  deltoides)  found 
at  various  distances  from  the  edge  of  the  San  Antonio  River.  Bars  are  ±  one  standard 
error. 

to  distance  from  the  river,  decreasing  with  distance  in  a  linear  fashion 
(Fig.  2B). 

Although  black  willow  and  cottonwood  saplings  were  found  more 
commonly  near  the  river,  their  specific  locations  in  relation  to  other 
species  and  adults  of  their  own  species  has  not  yet  been  shown.  Neither 
cottonwood  nor  black  willow  established  under  the  canopy  of  other 
species  (Table  3).  No  cottonwood  or  black  willow  plants  were  found 
beneath  the  canopy  of  Texas  sugarberry  or  cedar  elm,  with  only  one 
found  under  boxelder.  More  than  650  canopy  trees  of  the  three  species 
were  examined.  Few  cottonwood  and  black  willow  plants  established 
under  their  own  canopies.  Between  0.02  and  0.16  saplings  of  one  or  the 
other  species  were  found  under  their  own  canopies.  Boxelder,  Texas 
sugarberry,  and  cedar  elm  all  were  able  to  establish  under  their  own 
canopies  as  well  as  under  the  canopies  of  all  other  species.  Few  black 
willow  and  cottonwood  plants  established  under  any  species  canopy,  but 
they  did  establish  in  light-gaps  at  the  river  edge  (Table  4). 

Discussion 

The  sequence  of  events  in  riparian  plant  community  succession  in  the 
eastern  and  north-central  United  States  has  been  well  documented 
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Figure  2.  A,  mean  density  of  saplings  of  black  willow  and  cottonwood  at  various  distances 
from  the  edge  of  the  San  Antonio  River  (bars  are  ±  one  standard  error);  B,  linear 
regression  of  mean  density  of  total  saplings  per  hectare  on  mean  distance  from  the  edge 
of  the  San  Antonio  River. 


(McVaugh,  1947;  Hosner  and  Minckler,  1963;  Everitt,  1968;  Wilson, 
1970;  Johnson  et  al.,  1976).  The  same  thing  cannot  be  said  for  Texas 
riparian  forests.  The  sequence  of  events  on  larger  flood  plains  of  the 
eastern  and  north-central  United  States  begins  with  sand  bar  deposition 
quickly  followed  by  willow  establishment.  Soon  after,  a  second  willow, 
usually  black  willow,  and  a  species  of  cottonwood  become  established. 
The  cottonwood-willow  community  is  ephemeral  and  gives  way  to  a 
deciduous  forest  of  ash,  elm,  and  boxelder,  which  can  further  change. 
The  final  community  appears  to  be  dominated  by  various  oaks,  hickories, 
elms,  and  pecan. 

In  the  southwestern  United  States,  because  of  narrow  flood  plains, 
appreciable  area  of  primary  or  intermediate  successional  communities 
usually  are  not  present.  Consequently,  replacement  dynamics  are  difficult 
to  examine,  unless  individual  species  parameters  are  extracted  from  the 
community  matrix,  or  individual  species  replacement  is  examined  (Horn, 
1975).  Mature  communities  are  present,  but  large  scale  flood  events 
leading  to  sandbar  accretion  actually  result  in  the  production  of  small 
sandbars  and  usually  infrequent,  small,  river-edge,  light-gaps.  Because 
these  openings  or  bars  are  small,  physical  space  for  a  stand  of  black 
willow  or  cottonwood  to  become  established  is  not  present.  Under 
extreme  conditions,  an  extensive  bar  or  light-gap  could  occur,  but  this 
seems  to  be  an  unusual  case.  Black  willow,  cottonwood,  or  both,  colonize 
these  small  openings,  resulting  in  a  high  density  of  seedlings  or  saplings 
(personal  observation).  Next,  self-thinning  of  these  bars  or  gaps  occurs, 
resulting  in  the  presence  of  one  or  a  few  larger,  dominant  individuals. 
Similar  trends  have  been  suggested  for  other  species  (Harper,  1977; 
Mohler  et  al.,  1978).  With  the  growth  of  one  or  more  larger  trees,  the 
environment  of  the  gap  or  bar  changes.  Shading  by  the  large  trees 
reduces  the  light  intensity  at  the  soil  surface  of  the  bar  or  gap,  reducing 
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Table  3.  The  number  of  understory  plants  per  overstory  cottonwood,  black  willow, 
boxelder,  Texas  sugarberry,  or  cedar  elm  tree.  N  is  the  number  of  overstory  or  canopy 
species  examined. 


Overstory  species 

Understory  species 

N 

CW* 

BW 

BE 

TS 

CE 

Cottonwood  {Populus  deltoides) 

49 

0.10 

0.16 

16.76 

12.06 

3.29 

Black  willow  {Salix  nigra) 

62 

0.02 

0.03 

5.19 

1.42 

0.19 

Boxelder  (Acer  negundo) 

70 

0.01 

0.00 

4.13 

1.87 

0.89 

Texas  sugarberry  (Celtis  laevigata) 

497 

0.00 

0.00 

5.56 

4.25 

3.07 

Cedar  elm  (Ulmus  crassifolia) 

85 

0.00 

0.00 

1.99 

8.06 

5.02 

*CW  =  cottonwood,  BW  =  black  willow,  BE  =  boxelder,  TS  =  Texas  sugarberry,  CE  = 
cedar  elm. 


the  growth  of  the  smaller  black  willow  or  cottonwood  plants.  Eventually 
the  low  light  environment  below  the  canopy  may  cause  the  death  of  the 
black  willow  and  cottonwood  seedlings  and  saplings.  Low  light  also 
appears  to  prevent  additional  black  willow  and  cottonwood  seedling 
establishment. 

Certainly  other  factors  below  the  canopy  change  as  time  passes  and  the 
dominant  individuals  continue  to  grow.  Cottonwood  may  displace  black 
willow  because  of  its  deeper  taproot  compared  to  the  shallower,  fibrous 
roots  of  the  black  willow  and  because  black  willow  has  a  greater  water 
requirement  than  cottonwood  (Hosner  and  Minckler,  1963).  Black  willow 
will  survive  longer  periods  of  submergence,  thus  replacing  cottonwood  in 
wetter  areas,  but  this  is  not  usually  the  case  in  central  or  western  Texas. 
Soil  organic  material  and  soil  nutrients  increase  as  canopy  development 
continues,  possibly  favoring  other  species.  Regardless  of  the  case,  the 
canopy  understory  is  changed  in  such  a  way  that  it  is  no  longer 
conducive  to  the  growth  of  cottonwood  and  black  willow  seedlings.  Other 
species  are  common  in  the  understory,  suggesting  the  replacement  of  the 
black  willow  and  cottonwood. 

Many  studies  have  shown  that  a  variety  of  species  have  different  light 
requirements  (Kramer  and  Decker,  1944;  Loach,  1967;  Ormsbee  et  al., 
1976).  Species  that  are  going  to  be  successful  and  replace  themselves  in 
the  canopy  must  be  shade  tolerant.  The  importance  of  shade  tolerance 
has  been  suggested  by  Bazzaz  (1979)  and  shown  in  a  number  of  cases 
(Grime,  1965,  1967;  Loach,  1967;  Ormsbee  et  al.,  1976).  For  Texas 
species,  honey  mesquite  (Prosopis  glandulosa)  and  huisache  {Acacia 
smallii)  have  been  shown  to  be  pioneer  species  and  intolerant  of  shade, 
whereas  Texas  sugarberry,  a  mature  community  species,  is  shade  tolerant 
(Bush  and  Van  Auken,  1985,  1987).  Both  black  willow  and  cottonwood 
appear  to  be  shade  intolerant  colonizers,  but  boxelder,  cedar  elm, 
American  elm,  and  pecan  appear  to  be  shade  tolerant,  mature  community 
species. 


276 


THE  TEXAS  JOURNAL  OF  SCIENCE— VOL.  40,  NO.  3,  1988 


Table  4.  Total  number  of  cottonwood  and  black  willow  trees  or  saplings  found  in  upland 
(riparian  forest  terrace)  gaps  or  gaps  along  the  river  edge.  There  were  an  average  of  57 
gaps  per  stand  or  approximately  13  gaps  per  hectare.  Approximately  10  gaps  per  stand 
were  on  the  river  edge  and  47  were  away  from  the  river  in  more  upland  areas. 


Gaps 

Upland 

River  edge 

Species 

Trees 

Saplings 

Trees 

Saplings 

Cottonwood 

0 

0 

179 

6 

Black  willow 

0 

0 

539 

84 

Apparently  community  disturbance  by  floods  is  required  to  produce 
river-edge  light-gaps  and  accretion  bars  for  the  maintenance  of  conditions 
required  to  keep  black  willow  and  cottonwood  as  members  of  the 
southern  and  central  Texas  riparian  communities.  If  these  disturbances 
are  eliminated,  black  willow  and  cottonwood  will  be  lost  from  these 
riparian  communities  and  replaced  by  boxelder,  Texas  sugarberry,  cedar 
elm,  American  elm,  and  pecan. 
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Abstract. — The  Chinati  Mountains  caldera  eruptive  sequence  is  characterized  by 
plagioclase-phyric  trachytic  lava  flows  and  metaluminous  and  peralkaline  rhyolites.  This 
Oligocene  caldera  (20  by  30  kilometers)  was  formed  by  the  eruption  of  the  Mitchell  Mesa 
Rhyolite  and  was  subsequently  intruded  by  the  West  Chinati  stock,  the  resurgent  dome  of 
the  caldera.  Whole-rock  and  mineral  compositions  of  the  major  rock  types  show  a  linear 
differentiation  trend  from  metaluminous  trachytes  to  peralkaline  rhyolite.  Thornton-Tuttle 
differentiation  indices  range  from  62  to  93.  Rock  and  mineral  compositions  and  textures  are 
consistent  with  fractionation  by  crystallization  of  observed  phenocryst  phases,  possibly 
modified  at  high  Si02  levels  by  vapor  phase  processes  or  thermogravitational  diffusion.  Key 
words:  Chinati  Mountains,  Texas;  peralkaline;  fractionation  trends. 


Approximately  32  million  years  asgo,  the  eruption  of  the  Mitchell 
Mesa  Rhyolite  produced  the  Chinati  Mountains  caldera,  an  elliptical 
structure  20  by  30  kilometers  (Cepeda,  1977,  Cepeda  and  Henry,  1983)  in 
southwestern  Presidio  County,  Texas  (Fig.  1).  Subsequently  the  caldera 
was  filled  by  trachytic  lava  flows  and  rhyolitic  lava  and  ash-flows.  From 
bottom  to  top,  the  caldera  volcanic  fill  is  subdivided  into  lower  and 
middle  trachyte,  lower  rhyolite,  upper  trachyte,  rhyolitic  domes  and 
flows,  and  upper  rhyolite.  The  younger  upper  rhyolite  ash-flow  sequence 
is  peralkalic.  Subsequent  to  the  eruption  of  the  upper  trachyte,  the  West 
Chinati  stock  was  emplaced  as  a  resurgent  dome  in  the  northwestern 
portion  of  the  caldera.  The  West  Chinati  stock  is  a  composite  intrusion 
with  a  hornblende  granite  core  and  a  quartz  monzodiorite  margin  phase. 
Total  thickness  of  the  caldera  fill  exceeds  1000  meters  and  includes 
ponded  flows  in  secondary  and  tertiary  collapse  zones  formed  within  the 
original  caldera  during  intracaldera  rhyolitic  volcanism.  Small  dikes  and 
plugs  intrude  the  volcanic  units  and  the  West  Chinati  stock,  and  range  in 
composition  from  trachyte  to  microgranite  to  peralkaline  rhyolite. 

The  Chinati  Mountains  caldera  (see  Fig.  1)  is  the  largest  of  several 
Tertiary  calderas  identified  in  the  Trans-Pecos  volcanic  field  (Henry  and 
Price,  1984),  an  alkalic  province  predominantly  of  Oligocene  age  (Henry 
et  al.,  1986;  McDowell,  1979).  Adjacent  older  volcanic  centers  to  the 
north,  east,  and  south  of  the  Chinati  Mountains  have  been  described  by 
Amsbury  (1958),  Duex  and  Henry  (1981),  and  Hardisty  (1982).  Portions 
of  these  centers  were  truncated  by  the  younger  Chinati  Mountains 
caldera. 
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Figure  I. — Index  map  and  generalized  geologic  map  of  the  central  Chinati  Mountains, 
Presidio  County,  Texas. 


The  purpose  of  this  paper  is  to  describe  the  petrographic  and  chemical 
characteristics  of  the  Chinati  Mountains  caldera  facies  and  to  emphasize 
the  importance  of  crystal  fractionation  in  the  evolution  of  these  rocks. 
Other  processes  such  as  vaporphase  differentiation  or  thermogravitational 
diffusion  do  not  have  to  be  invoked  to  explain  the  major  element 
chemistry. 


Petrography 

Mitchell  Mesa  Rhyolite 

The  Mitchell  Mesa  rhyolite  is  a  vitric-crystal,  rhyolitic,  ash-flow  tuff.  It 
ranges  in-thickness  from  about  a  meter  at  the  distal  edges  of  the  ash-flow 
sheet  to  a  maximum  thickness  of  about  70  meters  immediately  north  of 
Pinto  Canyon  (Burt,  1970).  It  contains  15  to  25  percent  blue  or  gold 
opalescent  alkali  feldspar  phenocrysts  up  to  five  millimeters  in  diameter 
and  five  to  10  percent  quartz  phenocrysts. 

Burt  (1970)  noted  that  oxyhornblende  occurs  in  about  half  of  the  108 
thin-sections  examined  and  biotite  in  only  three.  Aegerine  also  was  noted 
in  a  few  thin  sections. 
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Lower  and  Middle  Trachyte 

The  lower  and  middle  trachytes  are  petrographically  similar  and  were 
distinguished  in  the  field  by  the  horizontal  platy  jointing  that 
characterizes  the  lower  trachyte.  Both  units  form  restricted  outcrops  near 
the  caldera  margin,  but  probably  continue  beneath  younger  rocks  in  the 
interior  of  the  caldera. 

Textures  range  from  glomerophyric  with  a  fine-grained  ground-mass  of 
feldspar  and  opaque  minerals  to  seriate  with  large  interlocking  feldspar 
grains  and  interstitial  granophyre. 

The  lower  and  middle  trachytes  contain  approximately  15  to  20  percent 
anorthoclase  and  plagioclase  phenocrysts  up  to  five  millimeters  long.  The 
plagioclase  crystals  are  typically  fritted.  Thin,  less  than  0.1  millimeters 
thick,  rims  of  alkali  feldspar  are  present  on  most  of  the  phenocrysts. 
Chlorite  and  iddingsite  aggregates  constitute  less  than  10  percent  of  the 
rock  and  probably  represent  the  altered  remnants  of  clinopyroxene  or 
olivine  phenocrysts.  Augite  occurs  as  anhedral  to  subhedral  equant 
phenocrysts  up  to  one  millimeter  in  diameter.  It  makes  up  five  percent  of 
the  rock. 

Magnetite  and  ilmenite  comprise  five  percent  of  the  rock  with  many  of 
the  grains  larger  than  0.1  millimeters.  Apatite  constitutes  an  abundant 
accessory  mineral  as  fat  microphenocrysts  up  to  0.4  millimeters  long. 

Lower  Rhyolite 

This  is  the  areally  most  extensive  unit  within  the  caldera,  and  is  second 
in  volume  only  to  the  upper  trachyte.  Euhedral  to  anhedral  anorthoclase 
up  to  four  millimeters  in  diameter  constitutes  approximately  10  to  15 
percent  of  this  rock.  The  phenocrysts  exhibit  outer  rims  separated  from 
the  core  of  the  phenocrysts  by  zones  of  mineral  and  glass  inclusions  and 
microvesicles.  Many  of  the  grains  are  twinned  and  show  compositional 
zoning. 

Quartz,  present  as  phenocrysts  and  in  the  groundmass,  makes  up  10  to 
15  percent  of  the  rock.  The  groundmass  consists  of  feldspar,  quartz,  and 
two  to  three  percent  opaque  minerals.  Sparse,  small,  ragged  grains  of 
biotite,  probably  xenocrysts,  and  rare  light  green  clinopyroxene  are  found 
in  some  samples  of  the  unit.  Maximum  thickness  of  this  unit  exceeds  415 
millimeters. 

A  green  to  yellowish  green  rhyolitic  ash,  five  millimeters  thick, 
containing  large  tabular  anorthoclase  phenocrysts  similar  to  those  in  the 
lower  rhyolite,  overlies  the  lower  rhyolite. 

Upper  Trachyte 

The  upper  trachyte  is  petrographically  similar  to  the  lower  and  middle 
trachyte  except  that:  a)  basal  vitrophyre  is  present  at  some  outcrops  of 
the  upper  trachyte,  and  b)  the  upper  trachyte  has  two  distinct  textural 
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variations,  a  lower  member  petrographically  identical  to  the  middle 
trachyte  and  an  upper  phenocrystrich  member. 

The  basal  vitrophyre  is  present  only  in  flows  in  the  vicinity  of  Chinati 
Peak.  These  vitrophyres  contain  approximately  10  percent  twinned  and 
untwinned  zoned  plagioclase  (An  10  to  50)  up  to  two  millimeters  long 
and  two  to  3  percent  augite  phenocrysts.  Other  phenocryst  phases  are 
anorthoclase  (two  to  3  percent)  and  one  to  two  percent  generally  equant 
opaque  minerals  in  a  matrix  of  light  brown  glass. 

As  noted  above,  the  lower  member  of  the  upper  trachyte  is 
petrographically  identical  to  the  middle  trachyte.  The  upper  member  of 
the  upper  trachyte  contains  15  to  25  percent  albite-,  carlsbad-  and 
pericline-twinned  plagioclase  (An  30  to  40).  The  phenocrysts  are  larger, 
up  to  eight  millimeters  in  diameter  and  are  set  in  a  groundmass  of 
feldspar  and  opaque  minerals.  Augite  phenocrysts,  generally  less  than  0.6 
millimeters  in  diameter,  make  up  two  to  three  percent  of  the  mode. 
Microphenocrysts  of  apatite  are  a  prominent  accessory  in  both  members. 

Eruption  from  a  zoned  magma  chamber  may  be  responsible  for  the 
textural  variations  in  the  upper  trachyte.  Composition  of  plagioclase 
phenocrysts  in  both  portions  of  the  upper  trachyte  are  similar.  See  Figure 
3.  Zoning  between  upper  crystal-poor  magma  (lower  member)  and  a 
lower  crystal-rich  magma  (upper  member),  probably  formed  by  crystal 
settling.  This  interpretation  will  be  discussed  later. 

Original  thickness  of  the  upper  trachyte  probably  exceeded  450 
millimeters.  The  thickness  appears  to  have  been  greatest  around  Chinati 
Peak.  It  is  the  most  voluminous  unit  erupted  within  the  Chinati 
Mountains  caldera. 

Rhyolitic  Domes  and  Flows 

Resting  upon  the  upper  member  of  the  upper  trachyte  and  occupying  a 
secondary  collapse  zone  in  the  eastern  part  of  the  Chinati  Mountains 
caldera  is  a  series  of  aphyric  rhyolitic  domes  and  associated  lava  flows. 
The  arcuate  trend  defined  by  the  line  of  domes  mark  the  boundary  of  a 
secondary  collapse  zone.  The  textures  and  contorted  flow  banding 
suggest  the  magma  was  viscous  rhyolite.  In  thin-section,  this  altered  rock 
consists  of  contorted  bands  of  length-fast  chalcedony  surrounding  a 
mosaic  of  quartz  grains.  Apatite  and  opaque  minerals  are  accessory 
phases. 

Total  thickness  of  the  flows  is  at  least  20  meters,  and  the  collapse  of 
the  area  occupied  by  the  flows  is  estimated  at  200  meters  based  on  the 
vertical  displacement  of  the  upper  trachyte. 

Upper  Rhyolite 

This  lithic-crystal  tuff,  with  few  exceptions,  is  restricted  to  a  circular 
tertiary  collapse  zone  approximately  five  kilometers  in  diameter  in  the 
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central  part  of  the  map  area.  In  its  own  collapse  zone  its  thickness  is 
estimated  at  greater  than  180  meters. 

In  addition  to  15  to  25  percent  of  small  (one  to  three  millimeters) 
tabular  anorthoclase  phenocrysts,  the  upper  rhyolite  contains  approxi¬ 
mately  10  to  15  percent  resorbed  quartz  phenocrysts  generally  not 
exceeding  two  millimeters  in  diameter.  Ferrorichterite  prisms  up  to  two 
by  0.5  millimeters  comprise  one  percent  of  the  rock. 

The  groundmass  is  characterized  by  spherulitic  aggregates  of  crystals  of 
a  dark  to  bright  green  aegerine  in  a  matrix  of  quartz  and  alkali  feldspar 
grains.  Some  of  the  aggregates  preserve  rectangular  crystal  outlines. 
Granophyric  textures  also  are  present  and  vapor  phase  crystallization 
appears  to  have  been  important  in  some  parts  of  the  unit.  Thin  patches 
of  basal  green  vitrophyre  are  present  in  small  outcrops  outside  the 
tertiary  collapse  zone  but  within  the  larger  Chinati  Mountains  caldera. 

The  upper  rhyolite  is  interpreted  as  a  peralkaline  ash-flow  tuff  unit  that 
accumulated  predominantly  in  its  own  collapse  zone  and  was  the  last 
major  eruptive  activity  associated  with  vents  within  the  map  area. 

JVest  Chinati  Stock 

This  composite  intrusion  is  exposed  over  more  than  60  square 
kilometers  in  the  northwestern  part  of  the  caldera.  It  consists  of  a  dark 
quartz  monzodiorite  outer  zone  and  a  core  of  leucocratic  porphyritic 
hornblende  granite.  Its  emplacement  has  tilted  the  upper  trachyte  in  the 
area  west  of  Chinati  Peak.  Dikes  of  microgranite  cut  both  phases  of  the 
stock. 

In  thin  section,  the  quartz  monzodiorite  consists  of  approximately  75 
percent  equant  feldspar  phenocrysts  with  cores  of  albite-twinned 
plagioclase  (An28  to  30)  armored  by  alkali  feldspar.  Grains  range  up  to 
12  millimeters  in  diameter.  Quartz  forms  smaller  crystals  between  the 
larger  feldspar  grains  and  comprises  about  10  percent  of  the  rock.  Augite 
constitutes  about  eight  percent  as  equant  grains  0.5  to  one  millimeters  in 
diameter.  Hornblende  is  present  in  small  amounts,  as  are  opaque 
minerals. 

On  the  north,  the  grain  size  decreases  to  less  than  five  millimeters 
toward  the  contact  with  the  middle  trachyte,  and  the  feldspar  is  poikilitic 
with  abundant  inclusions  of  equant  clinopyroxene  grains  less  than  0.1 
millimeters  diameter.  The  marginal  phase  is  more  alkalic  on  the  north 
and  is  probably  a  quartz  monzonite.  Amsbury  (1958)  described  the 
marginal  phase  on  the  north  flank  of  West  Chinati  Peak  as  a  plagioclase- 
bearing  quartz  syenite.  Interstitial  granophyre  is  present  and  a  few  grains 
of  purple-red  to  blue-green  pleochroic  amphibole  (riebeckite?)  demon¬ 
strate  the  peralkaline  affinity  of  this  rock.  No  biotite  is  present  in  this 
sample. 
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The  granitic  core  is  a  mosaic  of  75  percent  alkali  feldspar  grains  and  15 
percent  clear  quartz  grains.  The  anhedral  feldspar  crystals  are  sericitized 
but  a  core  and  irregular  rim  can  be  distinguished.  Many  grains  exhibit  an 
albite-  and  carlsbad-twinned  core  surrounded  by  a  sericitized  rim  of 
alkali  feldspar,  which  is  as  thick  as  the  core  is  wide.  Ragged  grains  of 
light  green  to  light  brown  pleochroic  hornblende  up  to  one  by  0.5 
millimeters  make  up  three  to  five  percent  of  the  rock.  Alteration  products 
include  epidote  and  chlorite.  Biotite  occurs  as  small  greenish  brown 
flakes  that  constitute  two  to  three  of  the  rock.  Magnetite  and  ilmenite 
make  up  about  four  percent  of  the  granite.  Prominent  accessory  minerals 
include  euhedral  apatite  crystals  of  up  to  0.9  by  0.15  millimeters  and 
zircon. 

Peralkaline  Rhyolite  Dikes  and  Plugs 

Aphyric  dikes  and  plugs  with  contorted  flow  banding  intrude  the  upper 
trachyte  in  the  extensive  plain  between  Chinati  Peak  and  Aguja  Peak. 
These  intrusions  are  characterized  by  their  gray  to  blue  color  and  their 
flow-banding,  which  is  similar  to  the  reddish  nonporphyritic  domes  and 
flows  to  the  south.  The  blue  color  is  imparted  by  small  bluish-purple 
pleochroic  grains  of  amphibole  (arfvedsonite?).  The  dikes  range  up  to  five 
meters  thick  and  the  plugs  may  be  as  much  as  100  meters  in  diameter. 

Summary  of  Petrography  and  Field  Relations 

The  stratigraphic  sequence  from  Mitchell  Mesa  rhyolite  to  upper 
rhyolite  (and  associated  peralkaline  dikes  and  plugs)  documents  an 
alternating  sequence  of  trachytic  and  rhyolitic  volcanism.  Zoned  magma 
chambers  probably  developed  in  the  Chinati  Mountains  three  times 
during  this  interval.  In  each  case,  a  rhyolitic,  sometimes  peralkaline 
magma  occupied  the  upper  part  of  the  magma  chamber  and  a  trachytic, 
phenocryst-rich  unit  occupied  the  middle  to  lower  parts  of  the  magma 
chamber.  The  units  constituting  the  magma  chamber  during  these  three 
time  periods  was  probably  the  following,  from  oldest  to  youngest:  1) 
Mitchell  Mesa  rhyolite  to  lower  and  middle  trachytes;  2)  lower  rhyolite  to 
upper  trachyte  (which  itself  exhibits  a  zonation  into  phenocryst-rich  and 
phenocryst-poor  fractions),  and,  3)  upper  rhyolite  to  West  Chinati  stock. 
Their  probable  mode  of  differentiation  will  be  described  after  a 
discussion  of  their  chemistry. 

Whole-Rock  and  Mineral  Chemistry 
Analytical  Methods 

For  whole-rock  chemical  analyses,  samples  weighing  at  least  three 
kilograms,  to  insure  a  representative  sample,  were  broken  into  fragments 
of  five  to  20  centimeters;  pieces  with  weathering  rinds  or  lithic  fragments 
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were  discarded.  The  remaining  sample  was  fed  into  a  jaw  crusher  and 
reduced  to  pea-size  fragments,  which  were  fed  into  a  disc  grinder  that 
produced  a  minus  20  mesh  sample.  A  30-gram  alliquot  was  obtained  by 
splitting  and  this  sample  was  ground  to  minus  100  mesh  by  placing  it  in  a 
Spex  Mixer  no.  8000  ball  mill  for  45  minutes. 

Major  element  compositions  were  determined  by  wet  chemical  methods 
combined  with  flame  photometric  and  atomic  absorption  techniques. 

Mineral  analyses  were  done  on  the  ARL-EMX  electron  probe 
microanalyzer  in  the  Department  of  Geological  Sciences,  University  of 
Texas  at  Austin,  x-ray  counts  were  corrected  for  background  and  dead 
time  by  computer  program  NKCALC  and  compared  with  standard 
counting  rates.  Weight  percent  oxides  were  calculated  with  programs 
WCALC3  using  the  correction  procedure  of  Bene  and  Albee  (1968)  as 
modified  by  Albee  and  Ray  (1970). 

Whole-Rock  Compositions 

Silica  contents  of  Chinati  Mountains  rocks  range  from  55.97  percent 
for  the  lower  member  of  the  upper  trachyte  to  75.52  percent  for  the 
peralkaline  upper  rhyolite  (Table  1).  According  to  the  chemical 
classification  scheme  of  Irvine  and  Baragar  (1971)  the  middle  trachyte  is 
a  benmorite,  and  the  upper  trachyte  is  a  mugearite. 

Thornton  and  Tuttle  (1960)  differentiation  indices  for  these  units  range 
from  62  to  93.  The  lower  rhyolite  and  the  trachytes  are  metaluminous  but 
the  upper  rhyolite  is  peralkaline  as  indicated  by  the  presence  of  acmite  in 
the  norm  and  a  molecular  ratio  of  Al203/(NA20  +  K2O)  less  than  one. 
Of  the  four  chemical  analyses  reported  by  Burt  (1970)  for  the  Mitchell 
Mesa  rhyolite,  two  are  peralkaline  and  two  are  metaluminous. 

A  consistent  chemical  trend  is  evident  on  a  plot  of  extrusive  rock 
compositions  on  the  Si02  —  AI2O3  —  (NA2O  +  K2O)  diagram  (Fig.  2). 
These  compositions  define  a  straight  line  that  extends  from  the 
metaluminous  field  into  the  peralkaline  field  with  increasing  differentia¬ 
tion  index. 

The  straight  line  relation  suggests  that  plagioclase  crystal  fractionation 
was  an  important  mechanism  in  the  chemical  evolution  of  these  rocks.  A 
test  of  the  fractional  crystallization  model  will  be  discussed  after  the 
presentation  of  the  mineral  composition  data. 

Feldspars 

Plagioclase  feldspars  phenocrysts  in  both  of  the  trachytes  are  zoned 
with  cores  of  An36  to  48  and  exhibit  normal  and  oscillatory  zoning 
towards  an  edge  of  An25  to  28  composition.  Commonly  alkali  feldspar 
rims  form  a  thin  envelope  around  cores  of  plagioclase  in  the  lower  part 
of  the  upper  trachyte.  See  Figure  3.  Compositions  of  these  rims  are 
An(16  to  11),  Ab(63.3  to  64.2),  Or(20.7  to  24.8).  Phenocrysts  of 
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Table  1. — Chemical  analyses  and  CIPW  norms  of  Chinati  Mountains  rocks. 


MT 

C-448 

LR 

C-209 

UTL 

C-430 

UR 

C-43IF 

WCC 

SL-2 

WCM 

C-67 

MM 

B32D 

Si02 

61.97 

70.88 

55.97 

75.52 

69.13 

58.00 

76.10 

Ti02 

1.23 

0.60 

1.87 

0.20 

0.63 

1.24 

0.22 

AI2O3 

15.29 

14.74 

15.64 

11.58 

14.03 

17.94 

11.60 

Fe20e 

4.57 

2.30 

4.57 

2.05 

1.73 

2.42 

1.76 

FeO 

0.90 

0.35 

3.40 

1.33 

1.80 

3.60 

— 

MnO 

0.14 

0.05 

0.16 

0.13 

0.12 

0.10 

0.11 

MgO 

1.42 

0.24 

2.05 

0.08 

0.73 

1.24 

0.28 

CaO 

2.68 

0.55 

4.70 

0.12 

1.50 

4.81 

0.22 

Na20 

4.51 

4.26 

4.02 

4.73 

4.06 

4.72 

3.84 

K2O 

4.43 

5.57 

3.68 

4.44 

4.80 

3.71 

4.90 

H2O" 

l.OI 

0.54 

1.36 

0.18 

0.38 

0.51 

0.43 

H20“ 

0.37 

0.26 

0.92 

0.06 

0.22 

0.21 

0.15 

P2O5 

0.53 

0.18 

0.78 

0.04 

0.24 

0.61 

0.02 

CO2 

0.01 

0.02 

0.02 

0.02 

0.03 

0.02 

0.10 

Total 

99.06 

100.54 

99.14 

100.48 

99.40 

99.13 

99.76 

qz 

12.73 

23.76 

6.99 

31.14 

23.12 

5.35 

34.56 

c 

— 

1.14 

— 

— 

0.07 

— 

— 

or 

26.17 

32.91 

21.74 

26.23 

28.36 

21.92 

28.95 

ab 

38.16 

36.05 

34.02 

34.85 

34.36 

39.94 

32.52 

an 

8.40 

1.55 

13.77 

— 

5.68 

16.81 

— 

ac 

— 

— 

— 

4.56 

— 

— 

0.09 

di 

0.92 

— 

3.54 

0.18 

— 

2.41 

0.65 

hy 

3.11 

0.60 

6.83 

2.07 

2.88 

4.64 

— 

mt 

— 

— 

6.06 

0.69 

2.51 

3.51 

— 

il 

2.20 

0.85 

3.55 

0.38 

1.20 

2.36 

0.24 

hm 

4.57 

2.30 

0.39 

— 

— 

— 

1.76 

ap 

1.26 

0.43 

1.85 

0.09 

0.57 

1.44 

— 

cc 

— 

— 

0.05 

0.05 

0.07 

0.05 

0.23 

ru 

— 

0.15 

— 

— 

— 

— 

0.24 

tn 

Total 

0.18 

97.70 

99.73 

98.78 

100.24 

98.81 

98.44 

99.24 

Note:  WCC — West  Chinati  stock,  core;  WCM — West  Chinati  stock,  margin;  MT — middle 
trachyte;  LR— lower  rhyolite  ;  UTL — upper  trachyte,  lower  member;  UTR— upper  trachyte, 
upper  member;  UR — upper  rhyolite. 


anorthoclase  in  the  trachyte  have  thin  rims  of  the  same  composition  as 
the  body  of  the  crystal  and  are  within  the  range  of  compositions  of  the 
alkalic  rims  on  plagioclase  phenocrysts.  The  rims  are  separated  from  the 
cores  of  the  phenocrysts  by  a  zone  of  glass  inclusions.  These  textures  may 
reflect  an  episode  of  disequilibrium  during  crystal  growth.  Anorthoclase 
phenocryst  compositions  in  the  lower  rhyolite  are  An(3.9  to  2),  Ab(63.1 
to  57.5),  Or(33  to  40.5).  See  Figure  3. 

Upper  rhyolite  anorthoclase  phenocrysts  show  an  even  more  restricted 
composition  range:  An(0.2  to  0.1),  Ab(62.0  to  59.1),  Or(37.9  to  40.6) 
(Table  2).  Burt  (1970)  reported  a  composition  range  of  An(0.5),  Ab(53.8 
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Si02 


AL203  Na20^K20 

Figure  2. — Si02-Al2O3-(Na2O  +  K2O)  diagram  showing  plot  of  Chinati  trachytes  (open 
triangles),  and  rhyolites  (solid  triangles).  Squares  and  heavy  bar  connecting  them  display 
plagioclase  phenocryst  compositions  in  trachytes.  Circles  display  points  plotted  on  the 
basis  of  K2O  only  as  the  alkali  component.  Half-filled  circles  are  West  Chinati  stock 
compositions,  open  circles  are  volcanic  rocks,  and  the  circle  with  an  enclosed  cross 
represents  the  Mitchell  Mesa  rhyolite  (B32D). 


to  59.0),  Or(40.5  to  45.7)  for  feldspar  in  eight  samples  of  the  Mitchell 
Mesa  rhyolite.  Chemical  analysis  was  by  atomic  absorption  spectropho¬ 
tometry. 

The  monzodiorite  core  of  the  West  Chinati  stock  is  characterized  by 
feldspar  grains  composed  of  core  An(12.7  to  34.7),  Ab(85.3  to  62.8), 
Or(2.0  to  2.6)  armored  by  thick  rims  of  orthoclase  An(0.8),  Ab(11.8), 
Or(87.4). 

Pyroxenes 

Clinopyroxenes  in  the  trachytes  do  not  show  any  optical  or  chemical 
zoning.  The  cation  ratios  of  Ca:Mg:(Fe+Mn)  range  from  35.8:44.1:20.1 
to  39.0:44.9:16.1.  Their  compositions  plot  in  a  restricted  portion  of  the 
pyroxene  quadrilateral  well  within  the  augite  field.  Clinopyroxenes  of  the 
marginal  granite  phase  of  West  Chinati  stock  are  augite  and  exhibit  a 
restricted  compositional  range  slightly  more  calcic  and  iron-rich  and  less 
magnesian  than  the  trachyte  pyroxenes. 

The  meager  data  available  on  bright  to  dark  green  sodic  pyroxenes  of 
the  groundmass  in  the  upper  rhyolite  show  a  wide  variation  in  silica  (49.3 
to  56.3  weight  percent),  TiO2(0.86  to  3.25  weight  percent),  Al2O3(0.21  to 
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Figure  3. — An-Ab-Or  diagram  showing  composition  of  phenocrystic  feldspar  in  rocks  of 
the  central  Chinati  Mountains,  Trans-Pecos  Texas.  Lines  connect  data  points  within  the 
same  grain,  and  show  zonation  from  plagioclase  cores  to  more  alkalic  rims. 

12.3  weight  percent),  Fe  as  FeO(18.8  to  30.1  weight  percent),  and 
Na20(6.8  to  13.7  weight  percent).  See  Table  3.  The  difference  in  sums  (98 
to  102  percent)  correlates  with  silica  percentage,  sums  greater  than  100 
correspond  to  analyses  with  values  of  silica  weight  percent  greater  than 
about  52.  Bumgardner  (1976),  in  a  study  of  aegerine  grains  from  the 
Mariscal  Mountains  sill,  noted  a  similar  problem  and  suggested  it  may  be 
caused  by  silica-rich  vacuoles  in  the  aegerine. 

Amphiboles 

Amphiboles  in  the  upper  rhyolite  range  from  Na2.5K2CaLoMgi.8 
Fe2.7(Si,Al)7.9  to  Na2.6K2Cai.oMgi.oFe3.4(Si,Al)7.9  on  the  basis  of  23 
oxygens.  These  values  place  the  amphibole  between  the  composition  of 
ferrorichterite  and  richterite  and  near  the  ferrorichterite  end  member 
(Papike  and  Cameron,  1976). 

The  West  Chinati  stock  amphiboles  can  be  written  as 
NAo.5Ko.2Cai.7Mg3.3Fei.7(Si,Al)8  on  the  basis  of  23  oxygens.  This  places 
the  amphibole  in  the  composition  range  hastingsite-magnesio-hastingsite 
hornblende  according  to  the  classification  of  Papike  and  Cameron  (1976). 

Iron-  Titanium  Oxides 

Electron  probe  analyses  of  ilmenite  and  magnetite  of  the  granite  of  the 
West  Chinati  stock  and  the  upper  part  of  the  upper  trachytes  provide 
data  for  estimates  of  oxygen  fugacity  and  temperature  according  to  the 
curves  of  Buddington  and  Lindsley  (1964).  The  procedure  of  Carmichael 
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Table  2. — Representative  microprobe  analyses  of  feldspars.  Unit  abbreviations  same  as  in 
Table  1. 


wcc 

WCC 

WCM 

WCM 

MT 

MT 

LR 

CaO 

5.51 

4.80 

6.27 

7.44 

5.29 

8.03 

0.42 

K2O 

0.72 

0.83 

0.62 

0.59 

1.17 

0.71 

7.12 

Na20 

8.09 

8.44 

7.78 

7.24 

7.89 

6.53 

6.64 

Total 

100.11 

100.10 

99.99  101.63 

99.95 

99.30 

100.34 

Ca  (An) 

26.23 

22.81 

Molecular  percents 
29.75  35.01 

25.23 

38.80 

2.01 

K(Or) 

4.10 

4.67 

3.49 

3.33 

6.65 

4.06 

40.51 

Na  (Ab) 

69.68 

72.52 

66.75 

61.66 

68.12 

57.14 

57.48 

LR 

UTL 

UTLV 

UTLV 

UTU 

UR 

CaO 

0.82 

8.37 

4.78 

9.07 

7.48 

0.00 

K2O 

5.84 

0.66 

2.11 

0.68 

1.36 

6.99 

Na20 

7.36 

6.20 

7.53 

6.02 

6.52 

7.02 

Total 

100.34 

99.69 

99.88 

100.00 

100.38 

100.68 

Ca  (An) 

3.88 

42.10 

Molecular  percents 
22.85 

43.67 

35.78 

0.02 

K(Or) 

32.99 

3.79 

11.99 

3.88 

7.77 

39.57 

Na  (Ab) 

63.13 

54.10 

65.16 

52.45 

56.46 

60.42 

(1967)  was  used  to  calculate  the  ratio  of  Fe203.  Only  molar  ratios  of  FeO, 
Fe203,  and  Ti02  were  used  to  estimate  temperature  and  oxygen  fugacity.  / 
Calculations  indicate  a  temperature  of  approximately  590°  C  and  fo2  of 
10'^^  bars  for  the  granite.  The  oxygen  fugacity  value  is  similar  to 
estimates  by  Whitney  and  Stormer  (1976)  for  a  hornblende-bearing 
granite.  The  temperature  estimates  are  low  and  may  represent  subsolidus 
reequilibration  during  cooling  or  extreme  fluorine  enrichment  in  the 
magma  (Webster  et  al.  1987).  Although  samples  of  the  West  Chinati 
stock  have  not  been  analyzed  for  F,  there  are  several  fluorite-bearing  ore 
deposits  developed  in  shear  zones  within  the  stock.  The  samples  of 
volcanic  rocks  analyzed  for  F  ranges  from  250  to  1940  parts  per  million 
F  (Cepeda  et  al,  1981).  However,  flourine  contents  of  approximately  one 
weight  percent  are  necessary  to  depress  the  solidus  temperature  below 
600°  C.  Calculations  for  the  upper  trachyte  indicate  a  temperature  of 
approximately  1050°  C  and  fo2  of  10  bars.  More  detailed  work  remains 
to  be  done  to  characterize  the  temperature  distribution  in  the  magma 
chamber  for  this  unit. 


Discussion 

The  association  of  trachytic  and  slightly  more  mafic  rocks  with 
peralkaline  rhyolites  (comendites  and  pantellerites)  has  been  documented 
in  continental  rifted  areas  as  well  as  on  the  island  of  Pantelleria 
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Table  3. — Representative  microprobe  analyses  of  pyroxenes  and  amphiboles.  Sample 
abbreviations  same  as  in  Table  1. 


UR 

amph. 

wcc 

amph. 

UTL 

cpx 

MT 

cpx 

WCM 

cpx 

UR 

cpx  cpx 

UR 

SiO 

47.53 

47.69 

51.47 

51.28 

51.15 

56.38 

49.31 

Ti02 

1.49 

1.23 

0.79 

0.74 

0.74 

0.86 

2.07 

AI2O3 

1.88 

5.87 

1.82 

1.81 

1.12 

12.13 

0.68 

FeO* 

25.83 

13.78 

11.18 

11.90 

13.37 

18.81 

30.12 

MnO 

1.44 

0.90 

0.50 

0.57 

0.52 

.66 

2.09 

MgO 

4.15 

14.81 

15.71 

15.64 

13.24 

.51 

1.20 

CaO 

5.82 

11.08 

18.57 

17.82 

19.26 

.60 

1.67 

Na20 

8.75 

1.78 

0.44 

0.52 

0.35 

6.86 

9.02 

K2O 

1.28 

1.03 

— 

— 

— 

4.80 

1.42 

Total 

98.17 

98.17 

100.47 

100.29 

99.76 

101.61 

97.58 

Structural  formula  based 

on  23  oxygens  (amphiboles)  or  six 

oxygens  (cpx) 

Si 

7.528 

7.019 

1.920 

1.946 

2.076 

2.067 

Al^'^ 

0.352 

0.981 

0.080 

0.080 

0.050 

— 

— 

aT' 

— 

0.037 

— 

— 

— 

.526 

.033 

Ti 

.178 

0.136 

0.022 

0.021 

0.021 

0.024 

.065 

Fe 

3.425 

1.697 

0.349 

0.373 

.425 

.579 

1.056 

Mn 

.194 

0.113 

0.016 

0.018 

.017 

.021 

0.074 

Mg 

.980 

3.255 

0.873 

.873 

.751 

.028 

0.075 

Ca 

.987 

.746 

0.742 

.715 

.785 

.024 

0.075 

Na 

2.687 

0.508 

0.032 

.037 

— 

.489 

.733 

K 

.258 

0.193 

*total  Fe  as  FeO 


(Carmichael,  1962)  at  Fantale  and  Ethiopia  (Gibson,  1972),  the  Kenya 
Rift  (Bailey  and  MacDonald,  1975),  and  in  the  Great  Basin  of  the  United 
States,  where  peralkaline  ash-flow  tuffs  are  associated  with  caldera 
formation  and  trachyte  lava  (Noble  and  Parker,  1974).  These  rocks  also 
occur  on  oceanic  islands  (Baker,  1975),  and  even  in  andesitic  arcs  (Smith 
et  al.,  1977).  Such  widespread  occurrences  suggest  that  a  process 
independent  of  chemical  variations  in  the  crust  may  be  responsible  for 
the  derivation  of  peralkaline  liquids  from  trachytic  magmas. 

Crystal  fractionation  (Bailey  and  MacDonald,  1970;  Carmichael,  1963; 
Gibson,  1972)  is  probably  a  major  factor  in  the  development  of 
peralkaline  magmas.  In  the  Chinati  Mountains,  the  straight  line  relation 
that  trends  away  from  plotted  plagioclase  phenocryst  compositions  of  the 
trachytes  (Fig.  2),  suggests  that  plagioclase  crystallized  out,  depleting  the 
melt  in  Al.  Although  the  NaiO  +  K2O  contents  of  the  melt  remained 
essentially  constant,  depletion  of  Al  in  the  melt  produced  a  peralkaline 
upper  rhyolite.  The  West  Chinati  stock  compositions  plot  close  to  this 
line  although  the  monzodiorite  phase  shows  some  sodium  loss,  relative  to 
the  other  components.  A  plot  of  the  elements  Al,  Si,  and  K  (Fig.  2) 
define  a  curve  indicating  that  during  the  early  stages  of  fractionation  the 
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ratio  Na20/(Na20  +  K2O)  in  the  rocks  decreased,  but  shows  a  slight 
increase  in  the  most  fractionated  rocks,  as  was  noted  by  Gibson  (1972)  in 
the  Fantale  sequence.  In  the  Chinati  rocks,  this  probably  is  due  to 
separation  of  plagioclase  in  the  early  stages. 

Test  of  Fractional  Crystallization  Model 

A  sequence  of  calculations  was  performed  to  determine  the  amount  of 
fractional  crystallization  required  to  produce  magmas  with  compositions 
of  the  volcanic  rocks.  The  upper  trachyte  (lower  member)  with  a 
differentiation  index  of  62  was  selected  as  the  parental  magma.  Five-step 
calculations  were  performed  for  differentiation  from  (1)  upper  trachyte  to 
middle  trachyte  (DI.  =  77),  (2)  middle  trachyte  to  lower  rhyolite  (DI.  == 
93),  (3)  middle  trachyte  to  upper  rhyolite  (DI.  =  92),  (4)  lower  rhyolite  to 
upper  rhyolite,  and,  (5)  lower  rhyolite  to  Mitchell  Mesa  rhyolite  (DI.  = 
95). 

The  observed  stratigraphic  sequence  may  have  been  produced  by 
random  tapping  of  a  single  magma  at  different  levels  in  the  magma 
chamber,  yielding  either  a  rhyolitic  or  trachytic  eruption,  or  it  may  have 
evolved  in  three  episodes  as  described  previously.  The  present  data  are 
not  sufficient  to  determine  which  scenario  occurred;  however,  REE  data 
suggest  that  the  metaluminous  and  peralkaline  rhyolite  magmas  of  the 
Chinati  Mountains  evolved  from  similar  parental  magmas  (Cameron  and 
Cameron,  1986). 

Using  the  assumption  that  a  parent  magma  produces  a  daughter  liquid 
plus  crystallized  minerals,  the  proportion  of  daughter  to  parent  magma 
was  calculated  by  adding  variable  percentages  of  daughter  liquid  and 
mineral  phases  to  reproduce  the  desired  parent  magma  (Wright  and 
Doherty,  1970).  Percentages  of  daughter  liquid  and  minerals  were 
adjusted  by  trial  and  error  to  reduce  the  differences  between  the 
calculated  parent  and  the  whole-rock  chemical  analysis.  Sums  of  the 
squares  of  the  differences  and  mineral  percentage  in  calculations  with  the 
best  fits  are  shown  in  Table  4. 

Calculations  indicate  that  approximately  22  parts  of  peralkaline  upper 
rhyolite  would  be  produced  by  fractionation  of  100  parts  of  benmorite 
(upper  trachyte).  The  phases  removed  are  those  that  do  form  phenocrysts 
in  the  rocks,  principally  plagioclase,  anorthoclase  and  augite.  Additional 
evidence  for  crystal  fractionation  is  provided  by  the  textural  variations  of 
the  upper  trachyte,  which  erupted  earlier  crystal-poor  trachyte  (lower 
member)  and  later  crystal-rich  trachyte  (upper  member).  However,  some 
investigators  (Cameron  and  Cameron,  1986;  Nelson  et  al.,  1987)  consider 
it  unlikely  that  crystal  accumulation  was  a  significant  factor  in  the 
development  of  rock  series  trends,  especially  in  the  lavas  where  high 
viscosity  may  prevent  gravitational  accumulations.  A  mechanism  of  side- 
wall  crystallization  may  have  been  operative. 
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Table  4. — Summary  of  solutions  for  crystal  fractionation  model.  Unit  abbreviations  same 
as  in  Table  1. 


Parent 

UT 

MT 

MT 

LR 

LR 

Daughter 

MT 

LR 

UR 

UR 

MM+ 

Percent  plag  (An40) 

18.0 

Percent  plag  (An35) 

17.0 

20.0 

2.0 

2.0 

Percent  anorthoclase 

4.0 

14.0 

35.0 

30.0 

30.0 

Percent  clinopyroxene 

5.0 

5.0 

5.0 

Percent  magnetite 

4.0 

5.0 

4.8 

Percent  olivine 

3.0 

Percent  apatite 

1.0 

1.0 

Percent  biotite 

3.0 

4.0 

Percent  daughter 

65.0 

58.0 

34.2 

65.0 

61.0 

Sum  of  differences  squared 

0.57 

0.55 

1.49 

2.38 

0.50 

+Mitchell  Mesa  rhyolite. 


Other  Factors  in  the  Development  of  Peralkalinity 

Experimental  evidence  (Carmichael  and  MacKenzie,  1963)  indicates 
that  the  effect  of  plagioclase  removal  is  not  significant  beyond  the  point 
where  normative  sodium  metasilicate  would  be  present  in  significant 
amounts  in  the  liquid  because  there  is  insufficient  aluminum  to  allow 
feldspar  development.  Thereafter,  calcium  must  combine  with  ferromag- 
nesian  constituents  to  form  calcium-rich  pyroxene.  Augite  phenocrysts 
constitute  four  to  six  percent  of  the  trachytes  in  the  Chinati  Group. 
Whether  by  feldspar  fractionation  or  mafic  mineral  crystallization,  the 
liquid  is  depleted  in  calcium,  a  characteristic  shared  by  other  peralkaline 
silica-oversaturated  felsic  rocks  (Marsh,  1976). 

The  development  of  peralkalinity  beyond  the  point  where  crystal 
fractionation  is  operative  is  not  understood.  Several  geologists  (Weaver 
and  Gibson,  1975;  Bailey  and  MacDonald,  1975)  have  noted  the 
characteristic  high  Cl  and  F  contents  of  peralkaline  obsidians  and  have 
suggested  that  alkali-bearing  halogen  vapor  modified  the  magma 
composition,  especially  in  the  closing  stages  of  fractional  crystallization. 
The  only  analysis  for  F  in  the  trachytes  is  for  a  vitrophyre  sample  of  the 
upper  trachyte.  It  contains  650  parts  per  million  F.  The  metaluminous 
lower  rhyolite  (two  analyses)  ranges  from  650  to  950  parts  per  million  F, 
and  the  peralkaline  upper  rhyolite  and  peralkaline  dikes  and  plugs  exhibit 
a  range  of  F  content  from  250  to  1940  parts  per  million.  Gibson  (1972) 
attributed  the  change  from  the  strongly  peralkaline  pre-caldera  suite  at 
Fantale  to  the  less  peralkaline  post-caldera  rocks  to  the  loss  of  volatiles 
as  a  result  of  eruption  and  caldera  formation. 

In  the  Chinati  Mountains,  the  Mitchell  Mesa  rhyolite,  which  is 
interpreted  as  the  ash-flow  sheet  the  eruption  of  which  coincided  with 
caldera  collapse,  is  slightly  peralkaline.  The  lower  rhyolite  is  not 
peralkaline.  However,  the  upper  rhyolite,  which  is  associated  with  a 
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secondary  collapse  zone,  is  much  more  peralkaline  than  the  Mitchell 
Mesa  rhyolite.  It  may  be  that  volatiles  had  an  opportunity  to  build  up 
between  the  first  and  second  episodes  of  caldera  formation.  Trace 
element  work  (Cameron  and  Cameron,  1986)  suggest  that  volatile 
transport  may  have  been  important  in  the  evolution  of  the  peralkaline 
upper  rhyolite.  Higher  Y,  Nb,  Zr  contents  in  the  upper  rhyolite,  relative 
to  the  Mitchell  Mesa  and  lower  rhyolite  (Cameron  et  aL,  1982)  indicate  a 
chemically  distinct  sequence  suggestive  of  a  fresh  influx  of  magma, 
continued  differentiation  or  possibly  a  mixture  of  two  or  more  magmas. 
Glomerocrysts,  fritted  plagioclase  phenocrysts  and  glass  inclusions,  which 
are  abundant  in  the  trachytes  and  to  a  lesser  extent  in  the  lower  rhyolite, 
have  been  cited  as  textural  evidence  of  disequilibrium  due  to  magma 
mixing  in  the  Paisano  Volcano  (McDonough  and  Nelson,  1984)  and  in 
the  Chisos  Mountain  Volcanic  sequence  (Nelson  et  al.,  1987). 

The  changes  documented  in  the  Chinati  Mountains  may  be  the  result 
of  a  combination  of  factors  including:  caldera  formation,  which  altered 
the  peralkaline  enrichment  trend  and  thus  the  vapor  phase  composition 
and  content;  magma  mixing;  and,  fractional  crystallization  of  phenocryst 
phases,  principally  plagioclase  and  anorthoclase.  Fractional  crystallization 
was  the  principal  control  on  major  element  composition.  Thermogravita- 
tional  diffusion  (Hildreth,  1979)  may  have  affected  the  trace  element 
composition  but  is  not  needed  to  explain  major  element  compositions. 
Accumulation  of  feldspar  phenocrysts  is  suggested  by  the  greater 
abundance  and  larger  size  of  phenocrysts  in  the  upper  part  of  the  upper 
trachyte  as  compared  to  the  lower  part.  If  these  phenocrysts  accumulated 
along  the  sides  of  the  magma  chamber,  it  suggests  that  vents  for  the 
phenocryst  rich  upper  member  of  the  upper  trachyte  tapped  the  sides  of 
the  magma  chamber.  Similar  vents  may  have  operated  during  the  life  of 
the  magma  chamber  resulting  in  mafic  lavas  when  tapped  at  deeper  levels 
and  rhyolitic  ash-flows  when  tapped  at  higher  levels.  Fractional 
crystallization  processes  operating  within  this  chamber  would  be  modified 
and  complicated  by  possible  fresh  influxes  of  magma  (magma-mixing), 
eruptions  and  volatiles  build-up. 
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Abstract. — Non-destructive  energy  dispersive  x-ray  fluorescence  analyses  conducted  on 
acid  volcanic  rocks  (obsidians)  from  four  sources  in  southwestern  New  Mexico  revealed 
clear  inter-source  geochemical  distinctions.  Quantitative  measurements  (in  parts  per  million 
and  weight  percent  composition)  for  nine  minor,  trace,  and  rare  earth  elements  for  these 
sources  are  reported  here  for  the  first  time.  The  quantitative  contrasts  in  inter-source 
elemental  composition  were  employed  to  determine  the  prehistoric  sources  of  obsidian  used 
to  manufacture  archaeological  artifacts  recovered  from  a  pithouse  village  in  southwestern 
New  Mexico.  Key  words:  obsidian;  trace  element  geochemistry;  x-ray  fluorescence; 
prehistoric  trade;  New  Mexico  and  Texas. 

After  nearly  two  decades  of  research,  obsidian  characterization  (or 
“sourcing”)  studies  in  archaeology  are  truly  “coming  of  age”  throughout 
much  of  western  North  America,  and  applications  of  physical  sciences 
techniques  (for  example,  x-ray  fluorescence  and  neutron  activation 
analysis)  have  provided  powerful  new  means  for  investigating  synchronic 
and  diachronic  dimensions  of  prehistoric  resource  procurement,  mobility, 
exchange,  and  social  ranking  (see,  for  example.  Jack,  1976;  Nelson  and 
Holmes,  1979;  Hughes  and  Bettinger,  1984;  Hughes,  1986fl). 

Although  the  archaeological  importance  of  obsidian  in  the  American 
Southwest  has  been  known  for  more  than  a  century  (Rau,  1873;  Ball, 
1941),  it  has  been  only  recently  that  the  archaeological  research  potential 
of  these  volcanic  glasses  has  been  explored.  While  studies  of  obsidian 
from  Texas  archaeological  sites  have  been  conducted  steadily  for  more 
than  a  decade  (Hester  and  Mitchell,  1974;  Hester  et  al.,  1975,  1985; 
Hughes  1988),  such  research  is  only  beginning  in  adjacent  New  Mexico. 
Over  the  last  few  years,  several  studies  have  been  completed  tracing  the 
spatial  and  temporal  distributions  of  Arizona  and  New  Mexico  obsidians 
in  an  attempt  to  better  understand  prehistoric  exchange  patterns  and 
changes  in  such  patterns  through  time  (see,  for  example.  Jack  1971; 
Findlow  and  Bolognese,  1980,  1982a,  1982Z?,  1984;  Cameron  and 
Sappington,  1984;  Newman  and  Nielsen,  1985;  Baugh  and  Nelson,  1987; 
Shackley,  1988).  Despite  the  apparent  success  of  this  research,  some  of 
the  results  have  been  difficult  to  evaluate  because  the  measurements  for 
obsidian  source  standards  and  archaeological  artifacts  have  not  been 
published  (for  example,  Findlow  and  Bolognese,  1982a,  1982/?;  Cameron 
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and  Sappington,  1984).  In  addition,  those  studies  in  which  quantitative 
values  have  appeared  (Nelson,  1984;  Newman  and  Nielsen,  1985)  were 
derived  from  analysis  of  only  one  or  two  source  samples  determined 
using  destructive  techniques  (that  is,  those  that  require  powdering  some 
portion  of  the  sample)  that  have  obvious  liabilities  in  archaeological 
research  where  conservation  of  irreplaceable  artifacts  is  mandatory.  The 
present  study  presents  quantitative  determinations  of  selected  minor, 
trace,  and  rare  earth  element  concentrations  in  four  southwestern  New 
Mexico  obsidians  to  illustrate  the  potential  of  nondestructive  energy 
dispersive  x-ray  fluorescence  analysis  for  obsidian  studies  in  the 
American  Southwest  and  Southern  Plains. 

Analytical  Method 

Laboratory  analyses  on  obsidian  source  standards  and  archaeological  artifacts  were 
performed  on  a  Spectrace  5000  (Tracor  X-ray)  energy  dispersive  x-ray  fluorescence 
spectrometer  equipped  with  a  rhodium  x-ray  tube,  a  50  kV  x-ray  generator,  and  a  lithium- 
drifted  silicon  solid  state  detector  with  150  eV  resolution  (FWHM)  at  5.9  keV  in  an  area  of 
30  square  millimeters.  The  analysis  technique  is  completely  nondestructive — no  portion  of 
the  specimen  was  powdered  or  otherwise  altered.  There  were  only  two  general  prerequisites 
for  analysis;  1)  a  small  portion  of  the  analyzed  specimen  had  to  be  relatively  flat  in  order  to 
minimize  differences  in  x-ray  reflection  geometry  between  standards  and  artifacts,  and  2) 
specimens  had  to  be  larger  than  about  10  mm  in  diameter  so  that  adequate  x-ray  counting 
statistics  could  be  obtained.  Archaeological  artifacts  were  rinsed  in  distilled  water  to  remove 
possible  surface  contaminants.  Further  discussion  of  techincal  aspects  of  the  analyses  (that 
is,  x-ray  tube  operating  conditions  for  excitation  of  different  regions  of  the  energy 
spectrum,  primary  beam  filter  selection,  and  calibration  for  quantitative  analysis)  are 
available  from  the  author.  The  concentration  resolution  limits  imposed  by  element-specific 
calibration  lines  range  from  ca.  2-5  parts  per  million  (Rb,  Sr,  Y  and  Zr)  in  the  mid-Z 
region;  ca.  25  ppm  (Mn),  30  ppm  (Ti),  and  0.09  percent  (Fe)  in  the  low-Z  region;  and  ca.  14 
ppm  (Ba)  in  the  high-Z  region  of  the  x-ray  energy  spectrum.  Because  x-ray  counting 
uncertainty  and  least-squares  fitting  error  both  need  to  be  considered  when  interpreting 
concentration  estimates,  a  one  sigma  (±)  value  accompanies  each  measurement  (see  Table 
3).  This  value  expresses  both  counting  and  fitting  error  uncertainty  for  each  element  at  a 
particular  counting  time. 

Quantitative  determinations  of  elemental  compositions  of  “unknowns”  (obsidian  source 
specimens  or  artifacts)  cannot  be  evaluated  without  reference  to  measurements  on 
recognized  standards  (“knowns,”  or  “givens”).  Table  1  shows  a  comparison  between  values 
recommended  for  six  international  rock  standards  and  those  generated  by  the  present  x-ray 
fluorescence  system.  These  and  other  international  standards  are  analyzed  routinely  in  the 
laboratory  to  monitor  machine  precision  and  accuracy.  The  agreement  among  the  values  in 
Table  1  illustrates  the  relative  accuracy  of  the  system  over  a  wide  range  of  elemental 
concentrations. 


Study  Area 

The  four  sources  analyzed  here  (Antelope  Wells,  Gwynn  Canyon,  Mule 
Creek,  and  Red  Hill)  have  been  described  recently  by  Shackley  (1988, 
with  references;  see  also  Findlow  and  Bolognese,  1982a,  1982^),  so  it  is 
unnecessary  to  repeat  this  information.  All  four  source  areas  (see  Fig.  1) 
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Figure  1.  The  study  area,  showing  location  of  the  obsidian  sources  (filled  triangles)  and 
archaeological  site  (the  SU  site)  referred  to  in  the  text. 


contain  rhyolitic  obsidian  of  suitable  quality  for  stone  tool  manufacture, 
as  evidenced  by  prehistoric  knapping  (flaking)  debris  at  the  collection 
loci.  Aside  from  brittleness  in  some  of  the  obsidian  in  the  Mule  Creek 
sample,  the  prehistoric  utilization  of  these  source  materials  probably  was 
governed  to  an  extent  by  the  limitations  in  physical  size  of  the  nodules. 
Despite  their  excellent  flaking  properties,  obsidian  nodules  collected  at 
Antelope  Wells  and  at  Red  Hill  were  extremely  small  (most  less  than 
three  to  five  centimeters  in  diameter),  which  would  have  placed  severe 
limitations  on  the  kinds  of  artifacts  that  could  have  been  manufactured. 
Likewise,  Gwynn  Canyon  obsidian  occurred  as  nodules  about  three 
centimeters  in  diameter,  although  obsidian  of  the  this  same  (Gywnn 
Canyon)  geochemical  type  also  occurs  in  Ewe  Canyon,  about  three  miles 
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Table  2,  Results  of  analysis  of  variance  by  element  for  five  obsidian  collection  loci,  Mule 
Creek,  New  Mexico.  Critical  value  for  F4,io  =  3.48  at  0.05  significance  level. 


Element 

F-ratio 

Ti 

1.45 

Mn 

1.21 

Fe 

2.48 

Rb 

1.08 

Sr 

3.27 

Y 

2.06 

Zr 

1.80 

Nb 

.27 

Ba 

1.81 

south  of  Gwynn  Canyon.  Ewe  Canyon  nodules  range  up  to  five 
centimeters  in  diameter.  By  contrast,  the  Mule  Creek  glass  occurred  as 
nodules  ranging  up  to  about  10  centimeters  in  diameter,  potentially 
making  it  a  relatively  more  desirable  medium  for  fashioning  a  wide  range 
of  prehistoric  tools. 

Because  Mule  Creek  obsidian  occurs  naturally  in  widely  dispersed 
areas  (Findlow  and  Bolognese  1982^;  Shackley  1988),  it  seemed  advisable 
to  investigate  whether  geochemical  variability  might  exist  among 
collection  loci.  The  samples  analyzed  in  this  study  were  obtained  from 
five  different  localities  within  a  six  mile  radius  of  the  town  of  Mule 
Creek,  so  as  to  address  the  possibility  of  inter-locus  geochemical 
variability,  the  samples  were  grouped  by  collection  area  and  a  one-way 
analysis  of  variance  (Blalock,  1972)  was  performed  on  the  nine  best 
measured  elements  (Ti,  Mn,  Fe,  Rb,  Sr,  Y,  Zr,  Nb,  and  Ba)  from  each 
locus  (see  Table  2).  None  of  the  F-ratios  exceeded  the  critical  value,  so  it 
was  concluded  that  all  five  sampling  localities  contained  obsidian  of  the 
same  geochemical  type.  Having  determined  this,  element  values  for  all 
five  Mule  Creek  loci  were  combined  in  Table  3. 

Results 

Table  3  presents  the  trace  element  concentration  values  for  obsidian 
from  Antelope  Wells,  Gwynn  Canyon,  Mule  Creek,  and  Red  Hill.  With 
the  exception  of  Antelope  Wells  Zn  values,  estimates  of  parts  per  million 
for  Zn  and  Ga  do  not  vary  significantly  across  sources,  and  element- 
specific  coefficients  of  variation  (CV  percent — Hughes,  1984)  show  that 
both  elements  are  not  measured  as  well  as  the  remaining  nine  elements. 
The  exception  here  is  Sr,  but  in  this  case  CV  percent  values  are  inflated 
because  “high  ‘apparent’  measurement  error  (relatively  high  CV%  values) 
will  be  registered  when  the  absolute  concentration  for  any  element 
approaches  its  minimum  limit  of  detection”  (Hughes,  1986c). 
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Table  3.  Minor,  trace,  and  rare  earth  element  composition  of  four  southwestern  New 
Mexico  obsidians.  X  =  sample  mean;  S.D.  =  sample  standard  deviation;  CV  percent  = 
coefficient  of  variation.  Element  values  in  parts  per  million  (ppm)  except  iron,  expressed 
as  total  iron  (Fe203^)  in  weight  percent. 


Element 

Obsidian  Source 

Antelope 

Wells 

(n-10) 

Gwynn 

Canyon 

(n-10) 

Mule 

Creek 

(n-15) 

Red 

Hill 

(n=10) 

Ti 

X 

1519.3 

843.7 

460.8 

274.5 

S.D. 

185.9 

26.0 

34.7 

43.1 

cv% 

12.2 

3.1 

7.5 

15.7 

Mn 

X 

1032.1 

488.8 

440.2 

866.3 

S.D. 

53.7 

10.4 

26.4 

53.8 

cv% 

5.2 

2.1 

6.0 

6.2 

Fe203^ 

X 

3.13 

.90 

1.02 

.78 

S.D. 

.19 

.01 

.06 

.05 

cv% 

6.0 

1.5 

6.0 

6.9 

Zn 

X 

155.0 

49.0 

50.9 

56.2 

S.D. 

12.5 

14.5 

5.4 

7.5 

cv% 

8.1 

29.5 

10.6 

13.4 

Ga 

X 

21.6 

18.6 

17.3 

19.2 

S.D. 

2.7 

2.2 

1.5 

2.2 

cv% 

12.6 

11.7 

8.7 

11.3 

Rb 

X 

320.1 

210.4 

230.4 

191.8 

S.D. 

18.4 

9.7 

13.0 

10.1 

cv% 

5.7 

4.6 

5.7 

5.3 

Sr 

X 

5.7 

16.6 

15.5 

6.7 

S.D. 

.9 

1.2 

1.5 

2.6 

cv% 

16.6 

6.9 

9.4 

39.0 

Y 

X 

104.9 

30.5 

39.0 

42.7 

S.D. 

4.6 

2.2 

2.7 

1.8 

cv% 

4.4 

7.1 

7.0 

4.1 

Zr 

X 

1207.9 

144.5 

108.7 

66.4 

S.D. 

43.9 

6.0 

5.0 

4.5 

cv% 

3.6 

4.1 

4.6 

6.8 

Nb 

X 

92.1 

19.6 

25.5 

56.2 

S.D. 

6.0 

8.4 

3.1 

2.2 

cv% 

6.5 

42.7 

12.0 

4.0 

Ba 

X 

0.0 

34.7 

48.6 

0.0 

S.D. 

15.8 

13.7 

10.8 

15.2 

cv% 

n.a. 

39.6 

22.2 

n.a. 

With  these  exceptions,  the  quantitative  data  show  clear  distinctions 
between  sources.  A  bivariate  scatter  diagram  plotting  Zr  as  opposed  to 
Rb  values  in  parts  per  million  (Fig.  2)  illustrates  the  composition 
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Figure  2.  Bivariate  scatter  diagram  of  Rb  vs.  Zr  concentrations  for  four  southwestern  New 
Mexico  obsidians.  Open  circles  represent  Mule  Creek  source  standards,  solid  triangles 
represent  Gwynn  Canyon,  open  triangles  represent  Red  Hill,  and  solid  circles  represent 
Antelope  Wells. 


difference  between  Antelope  Wells  and  Red  Hill,  although  these  element 
values  do  not  serve  as  well  in  separating  Gwynn  Canyon  and  Mule 
Creek.  However,  contrasts  in  Ti  and  Zr  composition  (Fig.  3)  allow 
segregation  of  Mule  Creek  and  Gwynn  Canyon  glasses. 

To  apply  these  elemental  contrasts  to  archaeological  data,  15  obsidian 
artifacts  were  analyzed  from  the  SU  site,  a  Mogollon  pithouse  village  in 
western  New  Mexico  (see  Fig.  1)  occupied  between  ca.  A.D.  300-500 
(Martin,  1979).  Four  of  the  artifacts  are  illustrated  in  Rinaldo  (1943) — 
specimen  206783,  fig.  73,  C  1;  206785,  fig.  73,  C  3;  206796,  fig.  72,  B  6; 
and  206799,  fig.  73,  D  3.  Trace  element  compositions  for  the  nine  best 
measured  elements  were  determined  for  each  artifact  (see  Table  4),  and 
specimens  were  assigned  to  source  on  the  basis  of  congruence  with 
quantitative  measurements  on  obsidian  source  standards. 

The  results  of  these  analyses  were  of  considerable  archaeological 
interest.  First,  12  of  15  specimens  were  manufactured  from  obsidian  of 
the  Mule  Creek  geochemical  type  (see  Fig.  3),  a  finding  at  variance  with 
what  would  have  been  anticipated  solely  on  the  basis  of  geographic 
proximity.  Obsidian  of  the  Mule  Creek  geochemical  type  occurs  about  35 
miles  south  of  the  SU  site,  but  Gwynn  Canyon  glass  occurs  about  20 
miles  east-southeast,  and  Red  Hill  obsidian  can  be  found  about  30  miles 
to  the  north  (see  Fig.  1).  In  short,  based  on  proximity,  both  the  Gwynn 
Canyon  (including  Ewe  Canyon)  and  Red  Hill  sources  would  have  been 
expected  to  have  contributed  more  obsidian  to  the  SU  site  than  Mule 
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Figure  3.  Bivariate  scatter  diagram  showing  Zr  as  opposed  to  Ti  concentrations  for  Mule 
Creek  and  Gwynn  Canyon  obsidian  in  relation  to  values  for  SU  site  artifacts  (open 
circles).  Ellipses  represent  95  percent  confidence  limits  computed  from  the  grand  mean 
of  Mule  Creek  and  Gwynn  Canyon  values  in  Table  3;  +  symbol  specifies  the  mid-point 
for  each  source. 


Creek,  yet  the  reverse  was  the  case.  In  this  instance,  the  physical  size 
limitations  of  closer  alternative  glass  sources  may  have  encouraged 
exploitation  of  more  distant  obsidians.  Although  Findlow  and  Bolognese 
(1982a,  1982/?,  1984)  indicated  that  Mule  Creek  obsidian  has  a  rather 
limited  prehistoric  distribution  within  New  Mexico,  it  has  been  found  in 
Texas  archaeological  sites  (Hester  and  Mitchell,  1974;  Hughes  1988). 

In  light  of  the  absence  of  local  Gwynn  Canyon  and  Red  Hill  glasses  in 
the  SU  site  assemblage,  it  was  noteworthy  that  two  of  the  remaining 
three  artifacts  were  fashioned  from  Cerro  del  Medio  and  Polvardera 
Peak  obsidians  that  occur  in,  and  adjacent  to,  the  Jemez  Mountains 
volcanic  field  (Valles  caldera — see  Smith  and  Bailey,  1966)  more  than  200 
miles  to  the  northeast  of  the  site  (Fig.  1).  Both  Cerro  del  Medio  and 
Polvadera  Peak  obsidians  were  employed  for  prehistoric  tool  manufactur¬ 
ing  in  northern  New  Mexico,  Oklahoma,  and  Texas  (see,  for  example, 
Baugh,  1986;  Baugh  and  Nelson,  1987;  Hester  et  al.,  1980;  Newman  and 
Nielsen,  1985;  Hughes,  unpublished  data),  but  the  SU  site  results  provide 
new  evidence  for  long  distance  conveyance  of  these  materials  farther  to 
the  southwest.  The  remaining  specimen  (206452)  has  minor,  trace,  and 
rare  earth  element  concentration  values  that  do  not  match  those 
published  for  any  known  source  in  Arizona  or  New  Mexico. 

The  results  of  this  work  complement  studies  elsewhere  in  western 
North  America  (Hughes  1986a,  1986/?,  1986c)  showing  that  nondestruc- 
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Table  4.  Quantitative  determinations  of  elemental  compositions  of  artifacts  from  the  SU 
site,  New  Mexico.  All  values  in  parts  per  million  (ppm)  except  iron  (Fe203^),  expressed 
as  total  Fe  in  weight  percent;  +  =  counting  and  fitting  error  uncertainity  at  200  and  300 
(*)  seconds  livetime.  Catalogue  numbers  are  those  of  the  Field  Museum  of  Natural 
History,  Chicago. 


Catalog  no. 

Ti 

Mn 

Rb 

Sr 

Y 

Zr 

Nb 

Ba* 

Obsidian  source 
(chemical  type) 

206417 

593 

690 

.85 

156 

13 

34 

62 

47 

0 

Polvadera  Peak 

+33 

±26 

±.09 

±5 

±3 

±2 

±4 

±4 

±15 

206422 

592 

485 

1.17 

155 

9 

40 

164 

55 

3 

Cerro  Del  Medio 

±33 

±26 

±.09 

±5 

±3 

±2 

±5 

±4 

±14 

206440 

620 

426 

1.03 

224 

18 

38 

109 

31 

25 

Mule  Creek 

±34 

±26 

±.09 

±6 

±3 

±3 

±4 

±4 

±15 

206441 

536 

423 

1.01 

227 

16 

38 

107 

20 

54 

Mule  Creek 

±33 

±26 

±.09 

±6 

±3 

±3 

±4 

±4 

±15 

206452 

658 

552 

.77 

140 

88 

20 

76 

17 

965 

Unknown 

±37 

±26 

±.09 

±5 

±3 

±3 

±4 

±4 

±18 

206783 

508 

461 

1.10 

230 

18 

40 

107 

27 

88 

Mule  Creek 

±32 

±25 

±.09 

±6 

±3 

±2 

±4 

±4 

±15 

206785 

485 

415 

1.00 

220 

16 

43 

110 

26 

75 

Mule  Creek 

±32 

±25 

±.09 

±6 

±3 

±2 

±4 

±3 

±15 

206786 

477 

438 

1.05 

224 

16 

37 

109 

30 

74 

Mule  Creek 

±32 

±25 

±.09 

±6 

±3 

±2 

±4 

±3 

±15 

206787 

588 

457 

1.06 

234 

12 

36 

110 

28 

68 

Mule  Creek 

±33 

±26 

±.09 

±6 

±3 

±3 

±4 

±4 

±15 

206796 

525 

465 

1.12 

234 

17 

41 

112 

29 

43 

Mule  Creek 

±32 

±25 

±.09 

±6 

±3 

±2 

±4 

±4 

±15 

206799 

594 

454 

1.08 

233 

17 

39 

112 

29 

68 

Mule  Creek 

±33 

±26 

±.09 

±6 

±3 

±3 

±4 

±4 

±15 

206815 

522 

440 

1.10 

240 

15 

39 

115 

28 

61 

Mule  Creek 

±33 

±25 

±.09 

±6 

±3 

±2 

±4 

±4 

±15 

206841 

453 

442 

1.01 

248 

17 

44 

112 

24 

108 

Mule  Creek 

±32 

±25 

±.09 

±6 

±3 

±3 

±4 

±4 

±16 

206844 

466 

413 

.98 

230 

19 

40 

114 

28 

43 

Mule  Creek 

±32 

±25 

±.09 

±6 

±3 

±2 

±4 

±3 

±15 

206845 

478 

458 

1.10 

236 

17 

'37 

112 

23 

35 

Mule  Creek 

±33 

±25 

±.09 

±6 

±3 

±3 

±4 

±4 

±15 

five  x-ray  fluorescence  analyses  can  yield  quantitative  data  on  the  trace 
and  rare  earth  element  composition  of  obsidian  that  can  be  applied 
productively  to  archaeological  research.  The  measurements  are  in  good 
agreement  with  analyses  on  powdered  obsidian  samples  derived  from 
other  x-ray  techniques  (see  Table  1  and  Hughes  and  Nelson,  1987), 
showing  the  value  of  nondestructive  analyses  for  direct  comparisons  of 
data  from  different  laboratories. 

The  overall  result  of  the  present  work  is  that  a  multi-element 
quantitative  geochemical  data  base — derived  from  multiple  geologic 
samples — now  exists  for  these  four  obsidian  sources,  allowing  researchers 
at  other  laboratories  to  compare  quantitative  measurements  directly. 
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Although  the  archaeological  illustration  of  the  utility  of  these  geochemi¬ 
cal  data  was  modest  in  scope  because  of  the  small  number  of  obsidian 
artifacts  from  the  SU  site,  the  sourcing  results  nonetheless  indicate  some 
of  the  potential  of  such  information  for  studies  of  prehistoric  raw 
material  acquisition  and  conveyance  systems  in  the  Southwest.  Future 
research  will  focus  on  collections  from  adjacent  archaeological  sites  of 
different  ages  to  determine  whether  obsidian  source  use  remained  stable, 
or  whether  changes  in  source  use  occurred  through  time. 
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WOODY  VEGETATION  OF  THE 
FRIO  RIVER  RIPARIAN  FOREST,  TEXAS 
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Department  of  Biology,  Texas  AM  University,  Kingsville,  Texas  78363, 
and  H.  M.  King  High  School,  Kingsville,  Texas  78363 

Abstract. — Major  woody  plant  communities  of  the  Frio  River  riparian  forest  located  on 
the  Rio  Grande  Plain  and  lower  Edwards  Plateau  of  Texas  were  studied  in  the  summer  and 
autumn  of  1985.  Nine  locations  were  sampled  using  the  plot  method  to  determine  major 
community  relationships.  A  total  of  66  species  were  encountered  with  an  average  of  18 
species  per  location.  The  most  important  species,  based  on  importance  value,  was  Ulmus 
crassifolia,  followed  by  Quercus  virginiana,  Fraxinus  berlandieriana,  Celtis  laevigata,  Carya 
illinoinensis,  Taxodium  distichum,  Diospyros  texana,  Celtis  reticulata,  and  Prosopis 
glandulosa. 

The  riparian  woody  vegetation  of  the  Frio  River  can  be  divided  into  four  geographical 
communities,  based  on  species  composition.  The  lower  Fio  River  community  is 
characterized  by  Fraxinus  berlandieriana,  Salix  nigra,  Ulmus  crassifolia,  Quercus  virginiana, 
Celtis  laevigata,  Diospyros  texana,  and  Bumelia  lanuginosa.  The  second  community  is 
characterized  by  Carya  illinoinensis,  Celtis  reticulata,  Quercus  virginiana,  Prosopis 
glandulosa,  and  Diospyros  texana.  The  third  community  is  associated  with  the  dry  portion 
of  the  Frio  that  lies  over  the  Balcones  Fault  Zone  and  is  characterized  by  Ulmus  crassifolia, 
Juglans  microcarpa,  Celtis  reticulata,  Rhus  microphylla,  and  Condalia  hookeri.  The  fourth 
community  is  associated  with  the  Edwards  Plateau  portion  of  the  river  and  it  is 
characterized  by  Taxodium  distichum,  Platanus  occidentalis,  Juniperus  ashei,  Juglans 
microcarpa,  and  Diospyros  texana. 

Distribution  data  show  that  certain  species  are  limited  to  specific  parts  of  the  floodplain, 
suggesting  that  moisture  is  a  major  parameter  responsible  for  woody  plant  distribution  in 
the  Frio  riparian  forest.  Key  words:  riparian  forest;  southern  Texas;  Frio  River. 

Native  floodplain  forests  have  received  less  attention  from  both 
qualitative  and  quantitative  standpoints  than  any  other  vegetation  type  in 
Texas.  This  lack  of  information  is  especially  significant  in  view  of  the 
rapid  rate  at  which  river  bottom  and  creek  area  vegetation  is  being 
inundated  by  reservoirs,  indiscriminately  logged,  or  cleared  for  agricul¬ 
ture  or  flood  control  purposes. 

Information  on  riparian  forests  in  the  Rio  Grande  Plain  region  of 
Texas  is  especially  limited.  Most  vegetation  studies  in  southern  Texas 
have  dealt  with  the  range-brush  vegetation  that  exists  adjacent  to  the 
floodplains  of  creeks  and  rivers  (Tharp,  1939;  Blair,  1950;  Bogusch,  1952; 
Box,  1961;  Davis  and  Winkler,  1968;  Drawe  and  Higginbotham,  1980). 
Literature  on  riparian  forests  in  southern  Texas  is  often  general  in  nature 
(Blair,  1950),  or  consists  of  general  historical  descriptions  in  travel  logs  of 
the  early  explorers  and  settlers  of  the  region  (Inglis,  1964).  Studies  that 
quantify  in  detail  the  riparian  forests  on  the  Rio  Grande  Plain  include 
those  of  Bush  and  Van  Auken  (1984)  on  the  upper  San  Antonio  River 
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and  Taylor  (1982)  on  the  Nueces  River.  Other  studies  on  the  riparian 
forests  of  the  Rio  Grande  Plain  include  those  associated  with  the  lower 
Aransas  River  in  San  Patricio  County  (Drawe  et  al.,  1978).  The  forest 
along  the  Rio  Grande  in  the  Falcon  Dam  area  in  Starr  County  was 
described  by  Butterwick  and  Strong  (1976).  Forests  along  the  Rio  Grande 
and  the  upper  Nueces  River  briefly  were  described  by  Bray  (1901)  as  a 
cottonwood-willow  association.  Lonard  and  Judd  (1985)  listed  the 
common  floodplain  trees  of  the  Rio  Grande  near  Mission,  Texas.  A  brief 
description  of  the  vegetation  and  habitat  factors  of  the  Carrizo  Sands, 
which  cross  the  Nueces-Frio  River  watershed,  was  given  by  McBryde 
(1933).  Upland  and  riparian  forests  of  the  Edwards  Plateau  and  the 
upper  Guadalupe  River  have  been  described  by  Van  Auken  et  al.  (1979, 
1980,  1981)  and  Ford  and  Van  Auken  (1982).  Bray  (1904)  and  Palmer 
(1920)  described  the  upland  and  canyon  forests  of  the  Edwards  Plateau 
region. 

The  purpose  of  the  study  was  to  provide  a  phytosociological  study  of 

the  Frio  River  on  the  Edwards  Plateau  and  Rio  Grande  Plain  of  Texas. 

This  study  also  provides  baseline  ecological  data  on  several  regions  of  the 
Frio  River  that  have  been  considered  for  reservoir  construction. 

Study  Sites 

This  study  was  conducted  along  the  Frio  River  in  the  southern  portion  of  the  Edwards 
Plateau  and  the  northwestern  portion  of  the  Rio  Grande  Plain  (Gould,  1975).  Nine  sites 
were  studied  from  the  lower  reaches  of  the  river  in  Live  Oak  County  to  the  head  waters  in 

Real  County  (Fig.  1).  The  river  flows  in  the  upper  reaches  until  it  reaches  the  Balcones 

Fault  Zone  approximately  10  kilometers  north  of  Knippa,  Texas.  It  returns  to  the  surface 
approximately  three  kilometers  west  of  highway  127  south  of  Sabinal.  The  dry  portion  of 
the  river  flows  when  heavy  rainfall  occurs  in  the  upper  watershed,  usually  three  to  five  times 
a  year.  All  sites  chosen  were  considered  representative  of  mature  riparian  forests;  the  only 
disturbance  in  any  of  the  sites  was  minor  grazing  by  livestock  and  wildlife. 

The  Edwards  Plateau  was  classified  by  Thornthwaite  (1948)  as  dry-subhumid,  whereas  the 
Rio  Grande  Plain  is  semiarid.  Mean  annual  rainfall  is  approximately  66  centimeters  in  the 
upper  watershed  in  Real  County  and  72  centimeters  in  Live  Oak  County,  with  maxima 
occurring  in  May  and  September  over  all  the  watershed  (Larkin  and  Bomar,  1983).  Mean 
annual  temperature  varies  from  19.4°C  in  the  upper  watershed  to  21.7°C  in  the  lower 
watershed  with  a  peak  in  July-August  and  a  low  in  December-January  (Larkin  and  Bomar, 
1983).  The  floodplain  is  made  up  of  alluvial  soils  of  the  Frio  series  (Carter,  1931)  that  are 
calcareous,  friable,  and  loamy.  The  soils  of  the  floodplain  increase  in  depth  from  the 
headwaters,  which  overlays  limestone  bedrock,  to  the  lower  reaches  of  the  river. 

The  physiography  of  the  Frio  River  can  be  divided  into  three  regions:  the  upper  Edwards 
Plateau  region  located  in  Real  and  Uvalde  counties,  the  middle  or  dry  river  region 
associated  with  the  Balcones  Fault  Zone  in  Uvalde  County,  and  the  lower  or  Rio  Grande 
Plain  region  located  in  lower  Uvalde,  Frio,  LaSalle,  McMullen,  and  Live  Oak  counties.  The 
inner  bank  and  floodplain  terrace  in  the  upper  and  dry  regions  has  only  a  slight  slope  (four 
to  12  degrees)  and  is  narrow  (less  than  40  meters).  In  the  South  Texas  plain  region  of  the 
river,  a  steep  slope  (more  than  20  degrees)  is  common.  The  floodplain  terrace  in  lower 
Uvalde  County  is  also  steep  (15  to  20  degrees),  giving  a  narrow  canyon  appearance.  The 
terrace  in  the  remaining  portion  of  this  region  is  only  slight  to  moderate  in  slope  (three  to 
eight  degrees)  and  is  50  to  60  meters  wide. 
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Methods 

Sampling  was  limited  to  woody  species  including  shrubs  and  vines  on  the  primary 
floodplain.  No  data  were  collected  on  the  terrace  deposits  because  of  extreme  disturbances 
such  as  farming  or  brush  control.  Only  stems  greater  than  one  centimeter  in  diameter  at 
breast  height  were  measured.  Rectangular  quadrats,  three  by  100  meters  in  size  and  with  the 
longest  dimension  parallel  to  the  river  bank,  were  used  (Ford  and  Van  Auken,  1982). 
Depending  on  the  width  of  the  primary  floodplain,  up  to  six  quadrats  were  sampled 
beginning  at  the  edge  of  the  river  and  at  distances  five,  15,  25,  40  and  55  meters  from  the 
river.  Three  replicate  areas,  located  within  a  distance  of  two  kilometers  along  the  river,  were 
sampled  at  each  location. 

Woody  plants  occurring  in  the  quadrats  were  identified  using  Correll  and  Johnston 
(1970),  Lynch  (1981),  and  Stanford  (1976),  and  their  circumferences,  at  1.4  meter  above 
ground,  recorded.  Density,  basal  area,  and  frequency,  as  well  as  their  corresponding  relative 
values,  also  were  calculated  (Smeins  and  Slack,  1982).  Importance  values  (IV)  were 
determined  by  taking  the  sum  of  the  relative  density  plus  the  relative  basal  area  and 
dividing  by  two  (Ford  and  Van  Auken,  1982).  Importance  values  were  used  to  determine 
which  species  dominated  a  community.  The  data  for  the  three  replicated  samples  were 
pooled  for  each  location  and  analysis  of  variance  and  Duncan’s  Multiple  Range  Test,  as 
well  as  linear  correlation,  were  used  to  compare  forest  parameters  among  quadrats  and 
between  locations  (Steel  and  Torrie,  1980). 


312 


THE  TEXAS  JOURNAL  OF  SCIENCE— VOL.  40,  NO.  3,  1988 


Results 

There  were  few  significant  differences  between  major  community 
parameters  such  as  the  mean  number  of  species,  mean  density,  or  mean 
total  basal  area  when  these  parameters  were  compared  across  the 
floodplain  or  between  replicate  sampling  sites  at  each  location. 
Consequently,  all  measurements  from  all  quadrats  and  replications  from 
all  nine  sampling  locations  were  pooled  to  determine  the  overall 
community  composition.  Differences  in  species  composition  and  species 
dominants  did  occur  from  the  upper  regions  of  the  river  to  the  lower 
regions  and  also  from  the  river  edge  to  the  outer  floodplain  terrace. 

A  total  of  66  species  was  encountered  in  the  basin  as  a  whole  (Table  1) 
with  an  average  of  18  species  per  location.  Total  density  was  1694  plants 
per  hectare.  The  most  important  species  was  cedar  elm  with  a  mean 
importance  value  of  16.0  percent  (Table  1).  Other  species  with  high 
importance  values  were  live  oak,  Mexican  ash,  sugar  hackberry,  pecan, 
bald  cypress,  Texas  persimmon,  net  leaf  hackberry  {Celtis  reticulata),  and 
honey  mesquite  (Prosopis  glandulosa).  Nine  species  had  mean  importance 
values  between  0.5  and  1.0  percent,  whereas  42  species  occurred 
infrequently  with  importance  values  less  than  0.5  percent  (Table  1). 

High  density  species  were  cedar  elm  (Ulmus  crassifolia),  pecan  (Carya 
illinoinensis),  Mexican  ash  (Fraxinus  berlandieriana),  sugar  hackberry 
{Celtis  laevigata),  and  Texas  persimmon  {Diospyros  texana)  (Table  1). 

Live  oak  {Quercus  virginiana)  had  the  greatest  average  basal  area  (9.75 
square  meters  per  hectare),  and  20  percent  of  the  total  basal  area  (Table 
1).  Other  dominant  species,  in  descending  order,  were  bald  cypress 
{Taxodium  distichum),  sugar  hackberry,  and  Mexican  ash  (Table  1). 
Total  dominance  was  48.2  square  meters  per  hectare.  Eastern  cottonwood 
{Populus  deltoides)  had  the  greatest  average  diameter  followed  by 
chinkapin  oak  {Quercus  muehlenbergii),  live  oak,  and  bald  cypress. 

Vegetation  of  the  Frio  River  can  be  divided  into  four  communities. 
The  lower  Frio  River  plant  community,  located  in  Live  Oak,  LaSalle, 
and  lower  Frio  counties  (stations  1-3 — Fig.  1),  is  characterized  by 
Mexican  ash  and  black  willow  {Salix  nigra)  along  the  river’s  edge.  The 
woody  vegetation  on  the  terrace  consisted  of  an  overstory  of  cedar  elm, 
live  oak,  sugar  hackberry,  and  an  understory  of  Texas  persimmon  and 
coma  {Bumelia  lanuginosa).  The  middle  Frio  River  community,  located 
from  mid-Frio  County  into  the  lower  portion  of  Uvalde  County  (stations 
4  and  5 — Fig.  1),  had  a  pecan-castor  bean  {Ricinus  communis)-honQy 
mesquite  inner  bank  stand  and  a  terrace  overstory  of  larger  pecans,  net 
leaf  hackberry,  and  live  oak.  The  understory  in  this  region  is 
predominantly  a  dense  stand  of  Texas  persimmon.  The  third  community 
is  associated  with  the  dry  portion  of  the  Frio  River  that  lies  over  the 
Balcones  Fault  Zone  of  the  Edwards  Aquifer  (station  6 — Fig.  1).  The 
riparian  forest  in  this  region  is  narrow  or  absent,  with  cultivated  fields 
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Table  I. — Density,  basal  area,  and  importance  values  (IV)  for  the  major  woody  species 
found  in  the  Frio  River  riparian  forest.  Values  presented  are  the  means  for  each  species 
for  the  nine  locations  sampled.  The  importance  value  is  the  sum  of  the  mean  relative 
density  and  relative  basal  area  for  each  species  divided  by  two. 


Species 

Density 
(plants/ ha) 

Dominance 

(m^/ha) 

IV 

(%) 

Cedar  elm  {Ulmus  crassifolia) 

322.80 

6.23 

15.99 

Live  oak  {Quercus  virginiana) 

34.73 

9.75 

11.14 

Mexican  ash  {Fraxinus  berlandieriana) 

120.44 

4.18 

7.89 

Sugar  hackberry  {Celtis  laevigata) 

110.62 

4.26 

7.69 

Pecan  {Cary a  illinoensis) 

135.16 

3.36 

7.48 

Bald  cypress  {Taxodium  distichum) 

34.36 

5.88 

7.12 

Texas  persimmon  {Diospyros  texana) 

188.39 

1.08 

6.68 

Net  leaf  hackberry  {Celtis  reticulata) 

92.88 

2.77 

5.62 

Honey  mesquite  {Prosopis  glandulosa) 

78.53 

3.12 

5.56 

Sycamore  {Plat anus  occidentalis) 

56.63 

1.39 

3.11 

Ashe  juniper  {Juniperus  ashei) 

69.47 

.67 

2.75 

Coma  {Bumelia  lanuginosa) 

75.13 

.17 

2.39 

Black  willow  {Salix  nigra) 

13.59 

1.47 

1.93 

Castor  bean  {Ricinus  communis) 

49.46 

.01 

1.47 

Little  black  walnut  {Juglans  microcarpa) 

21.52 

.67 

1.33 

Others  (51  Species)* 

290.71 

3.15 

11.84 

Total 

1694.42 

48.18 

100.00 

*Nine  species  had  mean  IV’s  of  0.5- 1.0  percent:  Mexican  buckeye  {Ugnadia  speciosa), 
common  button  bush  {Cephalanthus  occidentalis),  Texas  oak  {Quercus  texana),  brasil 
{Condalia  hookerii),  eastern  cottonwood  {Populus  deltoides),  mustang  grape  {Vitis 
mustangemis),  chinkapin  oak  {Quercus  muehlenbergii),  desert  sumac  {Rhus  microphylla), 
and  catclaw  acacia  {Acacia  roemeriana).  Forty-two  species  had  IV’s  of  0.5  percent  or  less: 
red  mulberry  {Morus  rubra),  spiny  hackberry  {Celtis  pallida),  Texas  mountain  laurel 
{Sophora  secundiflora),  white  shin  oak  {Quercus  sinuata),  Spanish  grape  {Vitis  berlandieri), 
Arizona  walnut  {Juglans  major),  whitebrush  {Aloysia  gratissima),  pink  mimosa  {Mimosa 
borealis),  kidneywood  {Eysenhardtia  texana),  huisache  {Acacia  smalli),  Texas  ash  {Fraxinus 
texensis),  escarpment  black  cherry  {Prunus  serotina),  guajillo  {Acacia  berlandieri),  rattlebox 
{Sesbania  drummondii),  soap-berry  {Sapindus  saponaria),  hog  plum  {Colubrina  texensis), 
chinaberry  {Melia  azedarach),  agarito  {Berberis  trifoliolata),  common  hop  tree  {Ptelea 
trifoliata),  Roosevelt  weed  {Baccharis  neglecta),  retama  {Parkinsonia  aculeata),  Mexican 
silktassel  {Garrya  ovata),  red  buckeye  {Aesculus  pavia),  yaupon  holly  {Ilex  vomitoria), 
sycamore-leaf  snowbell  {Styrax  plant anif olio),  sagetree  {Vitex  agnus-castus),  lotebush 
{Ziziphus  obtusifolia),  black  mulberry  {Morus  nigra),  cenizo  {Leucophyllum  frutescens), 
redbud  {Cercis  canadensis),  poison  ivy  {Rhus  toxicodendron),  laurel  cherry  {Prunus 
caroliniana),  prickly  ash  {Zanthoxylum  hirsutum),  madrone  {Arbutus  xalapensis),  Texas 
snowbell  {Styrax  texana),  Texas  barberry  {Berberis  swaseyi),  golden  ball  lead  tree  {Leucaena 
retusa),  Lindheimer’s  black  willow  {Salix  nigra),  desert  willow  {Chilopsis  linearis),  coral- 
berry  {Symphoricarpos  orbiculatus),  white  mulberry  {Morus  alba),  and  lantana  {Lantana 
horrida). 


and  rangeland  occurring  almost  to  the  edge  of  the  river.  The  river-edge 
stand  is  composed  primarily  of  cedar  elm  and  little  black  walnut  {Juglans 
microcarpa),  whereas  the  dominant  plants  of  the  terrace  are  net  leaf 
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Figure  2.  Mean  number  of  species,  mean  total  density,  and  mean  total  basal  area  as  a 
function  of  distance  from  the  river  for  the  Frio  River  riparian  forest.  The  median  line  of 
each  quadrat  is  indicated  by  Qi . .  .Qe. 


hackberry  in  the  overstory  and  desert  sumac  {Rhus  microphylla)  and 
brasil  {Condalia  hookeri)  in  the  understory. 

The  fourth  plant  community  along  the  Fio  River  is  that  associated 
with  the  Edwards  Plateau  portion  of  the  watershed  (stations  7-9 — Fig.  1). 
Flowing  water  is  common  on  this  portion  of  the  river  except  during 
drought  years.  The  riparian  forest  associated  with  the  east  and  west 
branches  of  the  Frio  is  quite  narrow  (less  than  25  meters)  and  often  is 
flanked  by  high  limestone  canyon  walls.  The  river  edge  stand  consists 
chiefly  of  bald  cypress  and  sycamore  {Platanus  occidentalis)  on  the  Frio 
River  proper  (station  7)  and  the  East  Frio  branch  (station  8).  Bald 
cypress  does  not  occur  anywhere  along  the  West  Frio  branch.  Instead, 
little  black  walnut  is  dominant  along  the  water’s  edge.  The  terrace 
portion  of  the  floodplain  is  characterized  by  Ashe  juniper  {Juniperus 
ashei)^  little  black  walnut,  and  Texas  persimmon  on  the  Frio  proper, 
Texas  persimmon  on  the  east  branch,  and  Texas  persimmon  and 
chinkapin  oak  on  the  west  branch. 

The  highest  mean  number  of  species  (13  and  14)  occurred  in  quadrats 
(five  and  15  meters)  associated  with  the  terrace  berm  next  to  the  inner 
river  edge,  with  the  lowest  number  (eight  and  nine)  located  in  quadrats 
farthest  from  the  river  (Fig.  2).  No  significant  differences  were  found 
among  quadrats  for  mean  density.  Total  mean  density  was  highest  at  15 
meters  from  the  river,  with  lower  values  at  the  inner  (1.5  meters)  and 
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outer  (40  meters)  edges  of  the  forest  (Fig.  2).  Mean  basal  area  showed 
similar  trends  (Fig.  2).  The  highest  mean  basal  area  at  55  meters  was 
caused  by  several  large  (greater  than  150  centimeters  in  diameter)  live  oak 
trees  at  station  4. 

The  spatial  distribution  of  the  most  important  forest  trees,  described  as 
a  function  of  distance  from  the  river,  indicated  that  several  formed  a 
river  edge  stand  but  others  contributed  to  the  terrace  stand.  The  river 
edge  (1.5-  and  five-meter  quadrats)  stand  was  formed  by  bald  cypress, 
Mexican  ash,  and  pecan  (Fig.  3,  A-C).  All  three  achieved  their  greatest 
densities,  basal  areas,  and  importance  values  adjacent  to  the  river.  Bald 
cypress  did  not  occur  beyond  25  meters  from  the  water  and  it  was  the 
overall  dominant  species  at  the  water’s  edge  even  though  it  was  found  at 
only  three  (stations  5,  7,  and  8)  of  the  nine  stations.  Pecan  is  one  of  the 
major  edge  dominants  in  the  middle  Frio  (stations  4  and  5),  whereas 
Mexican  ash  is  dominant  in  the  lower  Frio  (stations  2  and  3).  All  three 
species  declined  sharply  in  density  at  15  meters  from  the  edge  of  the  river 
and  remained  rather  stable  in  the  upper  forest.  The  same  was  true  for  the 
basal  area  and  importance  values  of  these  three  edge  species.  The 
dominance  and  importance  value  of  the  Mexican  ash  increased  at  40 
meters  and  55  meters. 

In  the  terrace  stand,  the  dominant  species  were  cedar  elm,  sugar 
hackberry,  net  leaf  hackberry,  honey  mesquite,  and  live  oak  in  the 
overstory,  and  Texas  persimmon  in  the  understory  (Fig.  4,  A-F).  All 
species  with  the  exception  of  cedar  elm  increased  sharply  in  the  berm 
region  (five  to  15  meters)  of  the  terrace  and  then  declined  in  density. 
Beginning  on  the  terrace  berm,  the  forest  in  general  was  a  hackberry- 
cedar  elm-Texas  persimmon  stand  and  changed  to  a  cedar  elm-live  oak- 
honey  mesquite  forest  on  the  outer  terrace.  Cedar  elm  was  the  most 
abundant  species  on  the  terrace  (Fig.  4A).  Sugar  hackberry  was  most 
abundant  on  that  portion  of  the  berm  nearest  the  river  and  net  leaf 
hackberry  was  dominant  in  the  middle  terrace  region.  The  inner-bank 
population  of  honey  mesquite  was  found  only  at  Kincaid  Ranch  (station 
5),  where  118  small,  sapling-sized  trees  were  growing  in  a  32-meter 
portion  of  one  replication  (Fig.  4,  D  and  E).  The  density  of  live  oaks 
remained  somewhat  constant  over  the  terrace  forest  area,  whereas  the 
understory  dominant,  Texas  persimmon,  increased  in  numbers  in  the 
middle  terrace  and  then  declined  in  the  outer  forest.  Exceptions  to  this 
trend  were  noted  for  the  basal  area  of  live  oak  and  Texas  persimmon.  In 
general,  the  diameter  as  well  as  the  number  of  stems  per  plant  of  the 
Texas  persimmon  increased  from  the  terrace  berm  area  to  the  outer 
forest. 

Discussion 

Many  compositional  studies  of  riparian  forests  have  been  conducted  in 
Texas  (Chambless,  1971;  Pullen  et  al.,  1971;  Allen,  1974;  Nixon  and 
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Figure  3.  Mean  total  density  (A),  mean  total  basal  area  (B),  and  mean  importance  (C)  as  a 
function  of  distance  from  the  Frio  River  for  Mexican  ash,  bald  cypress,  and  pecan. 


Willett,  1974;  Nixon  and  Raines,  1976;  Nixon  et  al.,  1977;  Van  Auken  et 
aL,  1979;  Marks  and  Harcombe,  1981;  Ford  and  Van  Auken,  1982; 
Taylor,  1982;  Bush  and  Van  Auken,  1984.  The  species  richness  associated 
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Figure  4.  Mean  total  density  (A  and  D),  mean  total  basal  area  (B  and  E),  and  mean 
importance  (C  and  F)  as  a  function  of  distance  from  the  Frio  River  for  cedar  elm,  live 
oak,  Texas  persimmon,  honey  mesquite,  net  leaf  hackberry,  and  sugar  hackberry. 

with  the  four  woody  communities  in  our  study  exceeds  all  other  studies 
of  riparian  forests  by  one  third  or  more  with  one  exception — Pullen  et 
aL,  1971,  who  found  113  species  in  the  Sulphur  River  floodplain. 

The  cypress-hardwood  forest  cover  type  in  the  upper  Frio  region  is 
typical  of  the  final  stage  of  succession  found  in  many  southern  forests 
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(Society  of  American  Foresters,  1980).  A  notable  difference  between  the 
floodplain  forests  of  the  Frio  and  the  Nueces  rivers  is  lack  of  bald 
cypress  on  the  Nueces  (Taylor,  1982).  The  middle  and  lower  sections  of 
the  Frio  River  have  many  elements  in  common  with  southern  forests,  but 
nowhere  is  the  combination  (qualitatively  or  quantitatively)  of  dominants 
the  same  as  in  this  study.  Cedar  elm  and  sugar  hackberry  are  dominant 
or  subdominant  species  in  other  riparian  forests  in  central,  eastern,  and 
southern  Texas  (Pullen  et  al.,  1971;  Allen,  1974;  Nixon  and  Willett,  1974; 
Taylor,  1982;  Bush  and  Van  Auken,  1984).  The  sharp  reduction  in  density 
and  importance  value  of  cedar  elm  in  the  Edwards  Plateau  region 
supports  the  distributional  pattern  reported  by  Correll  and  Johnston 
(1970).  Sugar  hackberry  also  has  been  reported  as  a  dominant  in  some 
riparian  forests  in  Tennessee  and  Louisiana  (Shelford,  1954;  Conner  and 
Day,  1976).  Bald  cypress  is  a  dominant  in  some  southern  riparian  forests 
and  reaches  a  level  of  importance  similar  to  that  in  our  study  only  in  the 
most  southern  areas  investigated  (Thieret,  1971;  Conner  and  Day,  1976; 
Marks  and  Harcombe,  1981;  Ford  and  Van  Auken,  1982).  When  the 
density  and  basal  area  of  bald  cypress  populations  on  the  upper 
Guadalupe  River  (Ford  and  Van  Auken,  1982)  and  the  upper  Frio  are 
compared,  the  cypress  are  more  numerous  on  the  Frio  but  much  smaller. 

Pecan  is  a  dominant  species  in  the  middle  Frio  and  only  a  minor 
species  in  the  Edwards  Plateau  region  of  the  Frio.  However,  the  mid-Frio 
dominance  of  pecan  is  similar  to  that  reported  by  Ford  and  Van  Auken 
(1982)  on  the  upper  Guadalupe  River  and  Nixon  and  Willett  (1974)  on 
the  Trinity  River.  This  lack  of  pecan  in  the  upper  Frio  region  is  similar 
to  the  findings  of  Taylor  (1982)  on  the  Nueces  River  but  notably  different 
from  those  of  Ford  and  Van  Auken  (1979)  on  the  upper  Guadalupe 
River.  The  minor  species  status  of  pecan  on  the  upper  Frio  is  similar  to 
the  situation  found  in  other  southern  floodplain  forests  (Shelford,  1954; 
Pullen  et  al.,  1971;  Allen,  1974;  Nixon,  1975). 

Few,  but  large,  live  oaks  are  dominant  in  the  lower-middle  Frio  region. 
Oaks  {Quercus  sp.)  are  commonly  found  as  dominants  in  southern 
floodplains  (Shelford,  1954;  Chambless,  1971;  Pullen  et  al.,  1971;  Allen, 
1974;  Nixon,  1975;  Marks  and  Harcombe,  1981).  Ford  and  Van  Auken 
(1982)  also  reported  a  lack  of  live  oak  in  the  upper  Guadalupe 
floodplain.  In  observing  the  data  of  Muzny  (1975),  Ford  and  Van  Auken 
suggested  that  live  oak  and  other  species  would  be  of  more  significant 
importance  on  river  terraces  if  man  had  not  caused  frequent  disturbances 
such  as  clearing  and  overgrazing  by  livestock  in  these  areas.  This  idea  is 
supported  by  data  from  the  west  Frio  River  (station  9)  where  three 
species  of  oak  were  found  and  the  activities  of  man  in  this  region  is 
minimal.  The  ashes  (Fraxinus  sp.)  are  important  plants  in  some  riparian 
forests  (Rice  and  Penfound,  1956;  Pullen  et  al.,  1971;  Nixon  and  Willett, 
1974).  The  Mexican  ash  is  dominant  in  the  lower  Frio  region  but  is 
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absent  from  the  upper  reaches  of  the  river  floodplain.  A  lack  of  ashes 
also  was  found  by  Ford  and  Van  Auken  (1982)  on  the  upper  Guadalupe 
River.  The  absence  of  Mexican  ash  in  the  upper  Frio  floodplain  suggests 
that  the  lower  Frio  floodplain  is  near  the  northern  distributional  limits  of 
this  species  in  southern  Texas. 

The  distributional  data  of  this  study  show  clearly  that  certain  species 
are  limited  to  certain  parts  of  the  Frio  River  floodplain  (Figs.  3  and  4). 
This  is  especially  true  for  bald  cypress,  which  is  primarily  restricted  to 
moist  regions  adjacent  to  the  river.  The  distribution  of  black  willow 
(Salix  nigra)  also  was  restricted  to  the  inner  bank  quadrat.  The 
distribution  of  terrace  species  (Fig.  4)  also  indicates  habitat  or  niche 
selection  by  different  species.  This  is  particularly  true  for  sugar  and  net 
leaf  hackberry.  The  distribution  of  the  dominant  species  supports  the  idea 
of  Van  Auken  et  al.  (1979)  of  a  soil  moisture  gradient  as  a  major 
parameter  responsible  for  plant  distribution  in  the  riparian  forest.  The 
data  also  support  the  idea  that  spatial  distribution  is  controlled  by  the 
flood  tolerance  of  the  species  (Bell,  1974). 

Mean  number  of  species  was  highest  at  the  floodplain  terrace  berm 
(five  to  15  kilometers)  (Fig.  2).  This  differs  from  the  reports  of  Bell 
(1974)  and  Ford  and  Van  Auken  (1984),  who  showed  the  highest  number 
of  species  at  the  outer  ecotone  region  of  riparian  forest.  No  major 
statistical  differences  occurred  in  tree  densities  from  the  river  edge  to  the 
upper  forest  region  (Fig.  2).  Ford  and  Van  Auken  (1982)  and  Bush  and 
Van  Auken  (1984)  found  highest  densities  nearest  the  river  and  at  both 
the  river  edge  and  upper  forest  ecotone.  Greater  basal  area  in  the  15 
meters  adjacent  to  the  river  edge  (Fig.  2)  probably  was  due  to  increased 
moisture  availability  in  this  area.  Decreases  in  total  mean  basal  area 
away  from  the  river  could  have  been  caused  by  decreased  soil  moisture. 
Other  factors  such  as  light  availability,  flood  frequency,  and  soil  depth 
and  aeration,  as  Ford  and  Van  Auken  (1982)  and  Wales  (1972)  have 
suggested,  may  have  contributed  significantly  to  the  spatial  distribution 
of  plants  in  a  riparian  forest.  However,  a  more  complete  description  of 
these  environmental  parameters  must  be  studied  further  to  fully 
understand  riparian  forest  ecosystems  in  the  southern  Texas  region. 
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Abstract. — The  cellulase  activity  of  the  fungus  Trichoderma  reesei  QM9414  was 
determined  by  fitting  viscometric  data  to  an  exponential  equation.  The  parameters  of  the 
curve  at  time  0  and  at  infinity  were  obtained  by  solving  the  exponential  equation  by  a 
nonlinear  least  squares  method.  The  experimental  data  agreed  well  with  the  calculated 
values  of  the  equation.  A  double  reciprocal  plot  of  the  initial  reaction  rate  versus  different 
substrate  concentrations  yielded  a  Km  value  of  3.52  uM.  Key  words:  cellulase;  fungi; 
nonlinear;  viscometry. 


Several  methods  based  on  viscometric  technique.  (Almin,  et  al.,  1967; 
Hulme,  1971;  Ortega  and  Baca,  1983)  have  been  developed  for  the  study 
of  the  cellulase  activities  of  fungi.  However,  the  determination  with  these 
methods  of  certain  parameters  such  as  viscosity  at  time  0  and  at  infinite 
time  are  difficult  and  time  consuming.  In  this  paper,  we  describe  a 

method  for  the  rapid  and  accurate  determination  of  these  viscosity 

parameters.  Our  approach  for  the  nonlinear  solution  of  the  exponential 
equation  (1)  described  below  was  similar  to  that  suggested  by  Noggle 
(1985). 

The  rate  of  reactions  that  are  affected  by  enzymes  can  be  determined 
by  fitting  viscometric  data  to  an  exponential  equation  of  the  form: 

y  =  a+b.  e-\  (1) 

In  terms  of  viscosity,  equation  (1)  becomes: 

Nsp  =  NspI  +  (NspO-Nsp^.e'"',  (2) 

where  Nsp  is  the  specific  viscosity  of  the  substrate,  NspO  is  specific 
viscosity  at  time  O,  NspI  is  specific  viscosity  at  infinite  time,  e  is  the  base 
for  natural  logarithms,  k  is  the  rate  constant,  and  t  is  the  incubation  time 
of  the  reaction  in  minutes. 

The  rate  of  change  in  the  viscosity  (vNsp)  of  the  reaction  mixture  can 
be  obtained  in  by  computing  dNsp/dt,  as  follows: 

vNsp  =  dNsp/dt  =  -k.  (NspO-NspI).e"‘'.  (3) 


The  Texas  Journal  of  Science,  Vol.  40,  No.  3,  August  1988 


324 


THE  TEXAS  JOURNAL  OF  SCIENCE— VOL.  40,  NO.  3,  1988 


Because  the  viscosity  of  the  solution  is  proportional  to  the 
concentration  of  the  substrate,  the  rate  of  change  in  the  concentration  of 
the  substrate  (vCs)  can  be  obtained  from: 

vCs  =  CsO  .  vNsp/(-k  .  (NspO-NspI),  (4) 

which  becomes 

vCs  =  Cs0.e~'',  (5) 

where  CsO  is  the  substrate  concentration  at  time  O. 

The  rate  or  velocity  (v)  of  the  reaction  can  be  evaluated  by  computing 
dvCs/dt,  which  is: 


V  =  dvCs/dt  =  k.Cs.e'"'.  (6) 

The  Michaelis-Menten  parameters  of  the  reaction  can  be  obtained  from 
the  reciprocal  of: 


V  =  Vmax.Cs/ Km  +  Cs,  (7) 

which  is  the  following  linear  equation 

1/v  =  Km/ Vmax.l/Cs  +  1/ Vmax,  (8) 

where  Vmax  is  the  maximum  reaction  velocity  and  Km  is  the  Michaelis- 
Menten  constant. 


Materials  and  Methods 

Microorganism  and  growing  medium 

A  culture  of  Trichoderma  reesei  QM9414  was  maintained  on  plates  of  potato-dextrose- 
agar.  The  test  fungus  was  grown  for  one  week  in  500  milliliter  flasks  containing  225 
milliliter  of  liquid  medium  (Ortega  and  Baca,  1983)  with  one  percent  microcrystalline 
cellulose  (type  50,  by  Sigma  Chemical  Company)  as  cellulase  inducer.  The  pH  of  the 
medium  was  adjusted  to  4.5  with  0.1  M  acetic  acid.  Cell-free  fluids  containing  extracellular 
cellulase  were  obtained  by  filtration  of  the  culture  liquid  through  glass  microfiber  disks 
(Whatman  934AH).  The  filtrates  were  then  centrifuged  at  12,000  rpm  for  20  minutes  at 
10°C.  The  culture  fluids  were  frozen  until  the  cellulase  assays  were  made. 

Assays 

The  activity  of  extracellular  cellulase  (^8-1,  4-endoglucanase)  was  determined  by 
viscometric  technique  (Ortega  and  Baca,  1983).  The  test  solution  contained  0.8  percent 
sodium  carboxymethyl  cellulose  (CMC,  7HF  by  Hercules,  Inc.)  dissolved  in  0.02  M 
Magnesium  acetate  buffer,  pH  4.5.  Each  test  was  replicated  three  times.  All  tests  were  made 
at  40°  C. 
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Time,  minutes. 

Figure  1.  Plots  of  specific  viscosity,  Nsp,  versus  time  for  the  data  on  the  cellulase  activity 

of  T.  reesei  QM9414  in  Table  1.  The  equation  for  both  lines  is  equation  (2):  o - o, 

experimental;  • - •,  calculated. 


Kinetics 

The  reaction  rate  with  respect  to  time  (velocity)  was  obtained  from  equation  (6)  and  the 
Michaelis-Menten  constant  was  obtained  from  a  double  reciprocal  plot  of  the  initial 
reaction  rate  (VO)  against  substrate  concentration  (Cs),  as  stated  in  equation  (8). 

Results 

The  data  shown  in  Table  1  are  of  a  typical  viscometric  assay  of  the 
cellulase  activity  of  fungi.  The  specific  viscosity  values,  Nsp,  of  the 
reaction  mixture  were  obtained  by  fitting  experimental  viscometric  data 
to  equation  (2).  The  values  of  Nsp  at  time  0  and  at  infinite  time  were 
taken  from  the  parameters  of  the  equation.  The  value  of  the  rate  constant 
(k)  was  0.758.  Figure  1  shows  the  plots  of  experimental  and  calculated 
values  of  Nsp  versus  time.  A  plot  of  log  (Nsp-NspI)  versus  time  (Fig.  2) 
shows  that  the  results  are  of  a  first-order  reaction.  The  value  of  k  can  be 
determined  from  the  slope  (0.329)  of  this  plot,  by  solving: 


log  (Nsp  —  NspI) 
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Figure  2.  Plot  of  log  (Nsp-NspI)  against  time  for  the  data  on  the  cellulase  activity  of  T. 
reesei  QM9414  in  Table  1. 


slope  =  k/ 2.303 
k  =  0.758 

The  value  of  k  obtained  from  the  plot  in  Figure  2  is  identical  to  the 
value  of  the  rate  constant  (k)  obtained  directly  from  equation  (2).  A 
reduction  of  35.6  percent  in  the  viscosity  of  the  reaction  mixture  occurred 
in  the  first  47  seconds  of  the  reaction  (Table  1). 

In  this  experiment,  the  initial  substrate  concentration,  Cs,  was  7.2  mg 
of  CMC  per  ml.  The  rate  of  change  in  the  concentration  of  the  substrate 
(Table  1)  was  determined  with  equation  (5).  The  velocity  (v)  of  the 
reaction  with  respect  to  time  was  obtained  with  equation  (6). 

The  Km  value  of  the  cellulase  activity  of  the  test  fungus  was 
determined  under  the  assay  conditions  described  above  using  increasing 
concentrations  of  CMC  in  the  test  solutions  (data  not  shown).  The 
results,  shown  in  Figure  3,  produced  a  Km  value  of  3.52  fiM. 

Discussion 

Our  problem  was  to  fit  experimental  viscometric  data  to  the  equation: 

y  =  a  +  b  .  e“‘'‘ 
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Table  1.  Viscometric  data  of  the  cellulase  activity  of  Trichoderma  reesei  QM94I4. 


Time 

min 

Efflux 

S 

NspE 

Ct 

Nsp 

Ct 

(Nsp-NspI) 

Ct 

log 

(Nsp-NspI) 

Cs, 

Mg/ ml 

Rate,  V 
/.i/ml.min”' 

0.00 

22.29 

7200 

0.01 

113 

22.94 

22.16 

17.83 

1.251 

7150 

5380 

0.78 

63 

12.35 

14.27 

9.94 

0.997 

3990 

1670 

2.15 

45 

8.53 

7.84 

3.51 

0.546 
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NspE,  experimental  specific  viscosity. 

Nsp,  specific  viscosity  determined  with  equation  (2). 
NspI,  specific  viscosity  at  infinity. 

Ct,  centistokes. 


having  three  non-negative  parameters,  a,  b,  and  k  to  the  N  experimental 
points 


(ti,  yO 


for  i  =  1,2,  ....N,  in  the  least-square  sense.  That  is,  determine  a,  b,  and  k 
that  minimize  the  function: 


N 

S  =  S(a,b,k)  -  5:  (y(tO  -  yi)^  (9) 

i=l 

Applying  a  standard  calculus  approach  to  the  problem  that  we  must 
solve  the  simultaneous  system  of  first  order  partial  derivatives: 

Sa=  0 

Sb-0,  (10) 

Sk  =  0. 


In  this  case,  the  resulting  system  (9)  is  nonlinear  and  difficult  if  not 
impossible  to  solve  by  classical  analytic  methods.  Thus,  a  numerical 
algorithm  is  utilized  that  locates  a  solution  to  the  system  (9)  accurate  to  a 
prescribed  tolerance.  Because  the  system  is  nonlinear,  it  does  not  need  to 
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Figure  3.  Double  reciprocal  plot  of  the  cellulase  activity  of  T.  reesei  QM9414  according  to 
equation  (8),  of  initial  reaction  rates  against  different  substrate  concentrations. 


have  a  solution,  and  if  the  system  has  a  solution,  the  solution  need  not  be 
unique.  However,  the  solution  determined  by  the  following  numerical 
algorithm  yields  curves  that  agree  well  (coefficient  of  correlation,  r^  = 
0.98)  with  the  experimental  results  shown  earlier  in  this  paper. 

After  the  proper  calculations,  system  (10)  becomes: 


0  =  -2  •  Xyi  +  2Nb  -  b  •  2eC‘^‘i),  (11) 

0  =  I  yi  •  eC’^’i)  -  aS  eC^'i)  +  b  •  (12) 

0  =  b  •  St,y,  •  eC“i)  +  a  •  SeC''.)  +  b'  •  SeC'^'i).  (13) 

In  (11),  (12),  and  (13),  the  summation  limits  are  understood  to  be  from 
i=l  to  i-N.  The  algorithm  is  initialized  by  setting  k  =  0.1,  because  it  is 
known  from  experimental  evidence  that  the  reaction  proceeds  fairly 
slowly  after  the  first  minutes  of  incubation  time.  With  k  assumed  to  be 
known,  the  smaller  system  formed  from  (11)  and  (12),  Sa  =  0  and  Sb  =  0, 
easily  can  be  solved  for  a  and  b,  because  this  system  is  linear  in  these 
parameters.  The  value  assumed  for  k  and  the  corresponding  values  found 
for  a  and  b  are  substituted  into  (13)  as  the  final  test.  If  Sk  =  0,  the  correct 
parameters  have  been  found  to  solve  system  (10).  If  (13)  is  not  true,  then 
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its  sign  is  recorded,  the  value  of  k  is  incremented  by  0.1,  and  the  process 
of  solving  for  a  and  b  is  repeated  until  a  sign  change  for  Sk  is  observed 
between  successive  values  of  the  parameter  k.  Suppose  that  Sk  >  0  at  k  = 
X  and  Sk  <  0  at  k  =  X  +  0.1,  then  the  algorithm  has  found  k  correct  to 
one  decimal.  The  entire  search  process  is  repeated,  beginning  at  k  =  x, 
incrementing  k  by  units  of  0.01.  A  second  sign  change  in  Sk  indicates 
that  k  has  been  determined  correct  for  two  decimal  places. 

To  search  for  k  decimals  of  accuracy  for  k  requires  no  more  than  10k 
iterations  of  the  process,  and  yields  curves  that  fit  the  experimental  data 
sets  in  this  paper  with  small  residual  sums  of  squared  errors. 

The  measurement  of  the  cellulase  activities  of  fungi  with  the  method 
described  above  is  simple  and  straightforward.  In  first-order  reactions, 
the  determination  of  the  reaction  rate  at  time  0  or  near  0  is  difficult  or 
perhaps  impossible.  In  these  reactions,  the  reaction  rate  at  infinite  time  is 
usually  determined  in  an  asymptotic  manner.  This  measurement  requires 
the  determination  of  many  half-lives  of  the  reaction  to  obtain  an  infinity 
value  of  reasonable  precision.  Asymptotic  work  of  this  nature  is  slow  and 
expensive,  involving  many  hours  of  laboratory  work.  These  parameters 
can  be  obtained  in  a  rapid  and  accurate  manner  by  solving  equation  (6), 
saving  considerable  effort  and  time.  The  concentration  of  the  substrate 
(Cs)  can  be  estimated  at  any  time  of  the  reaction  using  equation  (5).  This 
equation  makes  unnecessary  the  use  of  empirical  constants  (Almin  et  al., 
1967;  Hulme,  1971). 
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EFFECT  OF  ACUTE  EXPOSURE  TO  RELATIVE  HUMIDITY 
AND  TEMPERATURE  ON  FOUR  SPECIES  OF 
FIRE  ANTS  {SOLENOPSIS:  FORMICIDAE:  HYMENOPTERA) 
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Abstract. — Lethal  times  (LT)  in  hours  were  determined  at  zero  percent  relative  humidity 
and  three  temperatures  for  two  worker  castes  of  four  species  of  Solenopsis  known  to  occur 
in  Texas.  In  general,  workers  survived  progressively  longer  periods  of  time  as  temperature 
decreased  from  38°  to  32°  to  27°  C. 

The  mean  LT50  and  LT99  values  for  the  minor  worker  caste  of  all  four  species  {S.  aurea, 
S.  geminata,  S.  invicta,  and  S.  xyloni)  were  not  significantly  different.  At  38°  C  all  minor 
workers,  regardless  of  species,  died  within  five  hours.  At  27°  and  32°  C,  minor  workers 
lived  no  longer  than  13  and  eight  hours,  respectively. 

Major  workers  survived  two  to  four  times  as  long  as  minor  workers  at  the  same 
temperatures.  The  major  worker  caste  of  all  species  survived  no  longer  than  10  hours  at  38° 
C.  At  27°  and  32°  C,  the  major  workers  died  within  37  hours.  At  38°  C,  there  were  no 
significant  differences  in  LT50  and  LT99  among  species.  At  27°  and  32°  C,  the  LT50  and  LT99 
values  of  S.  geminata  major  workers  were  significantly  different  from  5”.  invicta  and  S. 
xyloni.  Key  words:  ants;  caste;  humidity;  Solenopsis,  temperature. 

Solenopsis  invicta  Buren,  the  red  imported  fire  ant,  is  considered  to  be 
the  most  economically  important  of  the  four  species  of  fire  ants  found  in 
Texas.  This  species  constructs  mound-shaped  nests  that  can  exceed  0.3 
meter  in  height.  Solenopsis  aurea  Wheeler,  the  desert  fire  ant,  does  not 
build  an  above-ground  nest.  Solenopsis  xyloni  McCook,  the  southern  fire 
ant,  builds  crater-shaped  nests  in  open  areas.  Solenopsis  geminata 
(Fabricius),  the  tropical  fire  ant,  has  mounds  similar  to  those  of  S. 
invicta.  Solenopsis  aurea,  S.  xyloni,  and  S.  geminata  are  apparently 
native  to  Texas,  but  S.  geminata  also  may  have  been  introduced  to  the 
United  States — at  an  earlier  time  than  S.  invicta.  This  species  is  now 
found  throughout  the  tropics  and  subtropics  of  the  world  (Smith,  1979). 

The  western  boundary  for  the  red  imported  fire  ant  may  be  limited  by 
arid  environments.  Buren  (1972)  speculated  that  the  deserts  of  western 
Texas  would  halt  the  progress  of  N.  invicta.  However,  this  species  already 
has  infested  areas  that  are  hotter  and  drier  than  those  areas  infested 
earlier  in  the  southeastern  United  States  (Pimm  and  Bartell,  1980),  but 
whether  it  can  survive  in  more  extreme  environments  than  already 
populated  by  the  western  species  of  fire  ants  is  questionable.  Both  S. 
invicta  and  S.  geminata  are  found  from  central  Texas  east  to  the 
Carolinas  and  often  nest  in  forested  areas.  Alternatively,  S.  aurea  and  S. 
xyloni  are  western  species  occurring  from  California  to  western  Texas, 
although  the  range  of  N.  xyloni  formerly  extended  to  North  Carolina  and 
the  northwest  corner  of  Florida. 
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Many  factors  can  affect  the  distribution  of  fire  ants  in  Texas,  including 
food,  nest  material,  relationship  to  other  ants,  moisture,  and  temperature. 
Of  these,  moisture  and  temperature  are  postulated  as  the  most  important 
determinants  in  the  range  of  fire  ants  (Hung  and  Vinson,  1978;  Moody  et 
al.,  1981;  Pimm  and  Bartell,  1980). 

Considerable  effort  has  been  spent  on  the  investigation  of  temperature 
and  humidity  relations  of  fire  ants.  Temperature  and  humidity 
preferences  of  fire  ants  have  been  studied  by  Cokendolpher  and  Francke 
(1985)  and  Potts  et  al.  (1984).  Elzen  (1986)  reported  on  water  loss  in  S. 
invicta  and  the  temperature  tolerances  of  fire  ants,  particularly  S.  invicta, 
have  been  reviewed  by  Francke  and  Cokendolpher  (1986).  Up  to  the 
present  study,  researchers  only  have  investigated  the  short-term  effects  of 
intense  temperature  and  humidity  exposures  (Francke  et  al.,  1985). 

The  objectives  of  the  present  study  were:  (1)  to  determine  the  lethal 
times  (LT)  at  zero  percent  relative  humidity  and  three  temperatures  (27°, 
32°,  38°  C)  for  the  minor  and  major  worker  castes  of  the  four  species  of 
fire  ants  found  in  Texas,  (2)  to  compare  the  relative  desiccation 
resistances  of  these  species  and  castes,  under  three  temperature  regimes, 
and  (3)  to  determine  if  there  was  a  correlation  between  lethal  time  and 
ant  size,  as  reflected  by  head  capsule  width. 

Materials  and  Methods 

Experimental  animals. — Four  species  of  fire  ants  were  collected  in  Texas  from  June  to 
November  1981:  S.  aurea  from  near  Slaton  (Lubbock  County)  and  Southland  (Garza 
County);  S.  geminata  from  Junction  (Kimble  County);  S.  invicta  from  Bandera  (Bandera 
County);  and  S.  xyloni  from  near  Post  (Garza  County).  Several  colonies  were  collected  of 
each  species.  However,  no  attempt  was  made  to  determine  if  there  were  intercolony 
differences.  Collected  colonies  were  returned  to  the  laboratory,  and  ants  were  separated 
from  the  soil  and  housed  following  methods  of  Banks  et  al.  (1981).  Ants  were  provided  a 
constant  source  of  water  and  fed  peanut  butter,  mealworms,  and  cockroaches.  All  colonies 
were  maintained  in  the  dark  at  25  +  2°  C. 

Field-collected  worker  ants  of  each  species  were  maintained  in  the  laboratory  for  one  to 
four  weeks  before  testing.  All  colonies  were  discarded  four  weeks  after  collection. 
Restricting  the  length  of  time  the  ants  spent  in  laboratory  culture  standardized  the  age  of 
the  test  animals  and  minimized  any  acclimatization  to  the  laboratory  environment  that 
could  have  affected  their  physiological  condition. 

Experimental  apparatus. — A  constant  temperature  and  relative  humidity  chamber  was 
constructed  for  the  experiment  (Fig.  1).  Constant  temperatures  were  maintained  by 
submersing  the  experimental  chamber  (Fig.  2)  and  all  associated  tubes  and  flasks  in  a  water 
bath  (57  liter  glass  aquarium).  Water  in  the  aquarium  was  uniformly  heated  by  two 
adjustable  100  watt  glass-encased  “fish  aquarium”  heaters  and  circulated  by  a  small  water 
pump  (evaporative  cooler  pump,  flow  rate  approximately  760  liters  per  hour).  The 
apparatus  was  insulated  from  light  and  temperature  changes  by  a  five-centimeter-thick 
styrofoam  box  (47  by  61  by  66  centimeters).  Compressed  air  from  an  external  tank  was 
allowed  to  equilibrate  with  the  temperature  of  the  water  bath  as  it  flowed  through  a  coiled 
length  of  copper  tubing.  The  heated  air  then  passed  through  a  one-liter  flask  containing  the 
drying  agent  Drierite®  (CaS04).  Dry  air  leaving  the  flask  was  monitored  with  a  Gilmont 
Instruments  linear  compact  flowmeter.  An  air  flow  rate  of  100  +  0.5  milliliters  per  minute 
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Figure  1.  Schematic  diagram  of  experimental  apparatus,  from  above:  A,  dead  air  space;  C, 
brass  screen  cages;  CT,  copper  tubing;  G,  glass  walls  of  aquarium;  H,  hygroscopic 
sensor;  S,  styrofoam;  T,  mercury  filled  thermometer;  WB,  water  bath.  See  text  for 
further  details. 

was  maintained  during  all  experiments.  Air  flowed  directly  from  the  flowmeter  into  the  two 
liter  experimental  chamber.  Temperature  and  relative  humidity  were  measured  within  the 
experimental  chamber  by  a  mercury-filled  thermometer  and  a  hygoscopic  sensor  (Warren 
Component  Corporation,  Model  2C-B)  coupled  to  an  electronic  hygrometer  (Model  102, 
accuracy  within  three  percent),  respectively.  The  chamber  also  contained  four  19-centimeter 
glass  rods,  each  of  which  was  topped  at  one  end  with  a  size  six  rubber  stopper.  Each  glass 
rod  supported  five  cages,  each  2.5  centimeters  high.  The  cages  were  constructed  of  size  four 
brass  straining  cloth  cut  into  strips  of  2.5  by  7.5  centimeters  and  2.5-centimeters  diameter 
circles  (tops  and  bottoms).  One  strip  and  two  circles  comprised  one  cage.  A  hole  was  cut  in 
the  center  of  both  tops  and  bottoms,  so  that  the  cage  would  snugly  fit  on  the  six-millimeter 
diameter  glass  rod.  The  sensor  probes  and  rubber  stoppers  holding  the  cages  were  inserted 
into  the  chamber  through  a  lid  cut  from  styrofoam  five  centimeters  thick.  All  connections, 
except  for  the  cages,  were  sealed  with  silicone  rubber  sealant. 

A  control  chamber  was  established  using  the  same  size  beaker,  four  glass  rods,  20  cages, 
thermometer,  and  styrofoam  lid.  Twenty  milliliters  of  distilled  water  was  placed  in  the 
bottom  of  the  beaker  to  obtain  a  relative  humidity  of  approximately  80  percent.  This 
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Figure  2.  Semischematic  diagram  of  side  view  of  experimental  chamber  (half  of  cages,  air 
ports,  and  thermometer  omitted):  C,  brass  screen  cages;  H,  hygroscopic  sensor;  S, 
rubber  stoppers;  L,  styrofoam  lid. 


control  chamber  then  was  placed  inside  a  dark  environmental  cabinet  with  the  temperature 
maintained  at  25  +  T  C.  Both  the  control  and  experimental  chambers  were  in  constant 
darkness  during  each  experiment.  The  control  ants  were,  therefore,  exposed  to  the  near 
optimal  conditions  of  80  percent  relative  humidity  and  25°  C  (Cokendolpher  and  Francke, 
1985).  Ants  to  be  placed  inside  cages  were  aspirated  into  a  glass  tube  six  centimeters  long 
that  was  connected  to  a  rubber  hose.  The  ants  then  were  gently  blown  into  the  cage,  and 
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the  cage  was  slid  onto  the  glass  rod.  The  holes  in  the  top  and  bottom  of  the  cage  fit  tightly 
to  the  glass  rod,  preventing  escape  of  the  ants. 

Experimental  procedure. — For  each  experiment,  nine  to  12  (10  generally)  ants  were 
placed  into  each  of  the  20  experimental  cages.  Each  trial  consisted  of  the  same  species  and 
caste.  A  second  series  of  20  cages  was  placed  in  the  control  chamber.  Cages  in  the 
experimental  chamber  were  observed  periodically  through  the  glass  aquarium  and  beaker 
for  the  appearance  of  moribund  ants.  When  it  appeared  that  a  few  of  the  ants  were 
succumbing  to  the  experimental  conditions,  the  first  cage  was  removed. 

Cages  were  taken  out  by  removing  the  rubber  stopper  and  quickly  replacing  this  with  a 
second  rubber  stopper.  One  cage  was  then  slid  off  of  the  glass  rod.  Following  this,  the 
second  rubber  stopper  was  replaced  with  the  stopper  containing  the  glass  rod  and  remaining 
cages.  This  technique  allowed  for  minimal  disruption  of  the  temperature  and  humidity 
conditions  in  the  experimental  chamber.  Each  time  a  cage  was  removed  from  the 
experimental  chamber,  a  corresponding  cage  also  was  removed  from  the  control  chamber. 
Ants  from  each  of  these  two  cages  were  than  put  in  experimental  and  control  recovery  vials, 
both  of  which  were  maintained  in  the  environmental  cabinet  for  24  hours. 

After  the  first  cage  had  been  removed  from  the  experimental  apparatus,  subsequent  cages 
were  then  removed  at  variable  intervals.  Time  intervals  between  cage  removal  ranged  from 
15  minutes  to  several  hours  depending  on  which  species,  caste,  and  temperature  were  being 
used.  This  method  of  cage  removal  was  utilized  due  to  the  limited  number  of  cages 
available  and  the  variable  amount  of  time  needed  to  complete  each  experiment.  Ants  were 
exposed  to  experimental  conditions  for  a  maximum  of  24  hours,  after  which  time  the 
experiment  was  terminated  regardless  of  whether  100  percent  mortality  occurred. 
Experiments  were  conducted  at  27°,  32°,  and  38°  C.  At  all  temperatures,  zero  percent 
relative  humidity  was  maintained. 

Recovery  vials  consisted  of  33-milliliters,  transparent  polystyrene  vials  with  snap-on  caps. 
Each  vial  contained  a  small  piece  of  sponge  in  the  bottom  that  had  been  saturated  with 
water  and  covered  with  plaster  of  Paris  to  a  depth  of  about  two  to  three  centimeters. 
Mortality  was  recorded  for  the  ants  in  each  recovery  vial  after  24  hours.  Ants  were  not  kept 
for  more  than  24  hours  in  the  recovery  vials  because  it  was  probable  that  a  longer  period  of 
time  would  increase  ant  mortality  due  to  starvation. 

After  mortality  had  been  recorded,  most  ants  were  preserved  in  70  percent  isopropyl 
alcohol  so  that  head  capsules  could  be  measured  at  a  later  time.  Fifty  ants  of  each  species 
and  caste  used  in  this  study  (100  ants  per  species)  were  measured  using  a  binocular 
microscope  with  an  ocular  micrometer.  The  width  of  the  head  capsule  was  measured  on  a 
total  of  360  ants.  Only  10  measurements  on  S.  aurea  majors  were  made  due  to 
unavailability  of  significant  numbers  of  this  caste.  The  head  capsule  widths  (mean  width  ± 
standard  deviation,  mean  width  range  in  millimeters)  for  the  four  species  were:  S.  aurea 
minor  0.7  +  0.1,  0.6  to  0.9 — 1.1  ±  0.1,  0.9  to  1.2;  S.  geminata  minor  0.8  +  0.1,  0.7  to  0.9 — 
major  1.8  +  0.3,  1.2  to  2.4;  S.  invicta  minor  0.7  ±  0.0,  0.6  to  0.8 — major  1.4  ±  0.1,  1.1  to 
1.6;  S.  xyloni  minor  0.7  ±0.1,  0.5  to  0.9 — major  1.3  ±  0.1,  0.9  to  1.5. 

Statistical  analysis. — Probit  analysis,  or  the  time-mortality  curve,  was  used  to  interpret 
the  data.  Use  of  the  normal  sigmoid  curve  by  plotting  the  time  interval  in  logarithms  and 
the  percent  mortality  on  an  arithmetic  basis  provides  only  an  estimate  of  lethal  times. 
Therefore,  the  time-mortality  curve  was  used  because  it  is  descriptive  of  the  variation  in  the 
susceptibility  between  individuals  in  the  population.  Bliss  (1934)  defined  this  curve  as  a 
record  of  reaction  time  that  can  be  reduced  to  a  form  showing  the  number  of  organisms 
that  react  to  a  lethal  stimulus  in  each  of  several  successive  periods  of  time. 

Probit  analysis  (Bliss,  1934,  1935a)  was  performed  using  the  time  intervals  to  which  ants 
were  exposed  to  experimental  and  control  conditions.  The  number  of  dead  ants  observed 
during  each  time  interval  also  was  utilized  in  this  analysis.  Values  for  lethal  times  in  hours 
(LToi,  LTio,  LT25,  LT50,  LT75,  LT90,  and  LT99)  were  obtained  from  this  analysis  and  recorded 
for  each  test  (Bliss,  1935b;  Weil,  1952). 
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Analysis  of  covariance  was  conducted  on  the  LTso,  LT90,  and  LT99.  Duncan’s  Multiple 
Range  Test  (Steel  and  Torrie,  1960)  also  was  used  to  determine  if  there  were  significant 
differences  in  and  between  temperatures,  species  or  castes.  The  0.05  significance  level  was 
used  in  the  analysis  of  covariance  (Cochran  and  Cox,  1957). 

Results 

The  LT50  values  for  the  minor  caste  of  the  four  Solenopsis  species 
examined  were  not  significantly  different  from  each  other  (Fig.  1,  P  > 
0.05).  All  workers  lived  longer  at  27°  than  at  38°  C.  Solenopsis  aurea 
minors  lived  the  longest  at  27°  C  (5.15  hours),  whereas  5*.  xyloni  minors 
were  the  shortest  lived  (4.19  hours).  At  32°  C,  the  LT50  value  for  S. 
geminata  was  4.49  hours,  whereas  S.  invicta  only  lived  3.3  hours. 
Solenopsis  geminata  minors  also  endured  the  longest  at  38°  C  (2.56 
hours),  whereas  S.  invicta  again  had  the  shortest  survival  time  (1.59 
hours).  The  major  caste  lived  progressively  longer  at  27°,  32°,  and  38°  C. 
However,  the  LT50  values  for  S.  geminata  were  different  from  S.  invicta 
and  S.  xyloni  at  27°  and  32°  C.  At  38°  C,  major  workers  showed  no 
significant  differences.  At  27°  and  32°  C,  workers  of  S.  geminata  took 
about  twice  as  long  to  reach  the  LT50  as  workers  of  S.  invicta  and  S. 
xyloni.  The  greatest  LT50  value  was  20.49  hours  at  27°  C  for  S.  geminata, 
whereas  S.  invicta  had  the  shortest  LT50  value  of  2.85  hours  at  38°  C. 
Solenopsis  aurea  was  not  included  in  this  test  because  there  were  not 
enough  major  workers  available. 

Results  for  the  LT90  values  for  the  minor  caste  were  similar  to  those  of 
the  LT50  values.  None  of  the  LT90  values  in  the  four  Solenopsis  species 
was  significantly  different.  At  27°  C,  kS.  aurea  survived  the  longest  at 
9.02  hours.  Solenopsis  geminata  was  the  longest  lived  at  both  32°  and 
38°  C. 

The  LT90  value  for  the  major  caste  of  S.  geminata  at  32°  C  was 
significantly  greater  than  the  LT90  values  of  S.  invicta  and  S.  xyloni. 
Solenopsis  geminata  workers  survived  for  29.24  hours  at  27°  C.  This  was 
approximately  three  times  as  long  as  for  S.  xyloni  at  the  same 
temperature  and  was  significantly  different.  At  32°  C,  S.  geminata 
workers  also  lived  about  three  times  longer  than  the  workers  of  both  S. 
invicta  and  ^S.  xyloni.  However,  at  38°  C,  the  LT90  values  for  S. 
geminata,  S.  invicta,  and  S.  xyloni  were  not  different. 

As  with  the  LT50  values,  the  LT99  values  for  the  minor  caste  in  the  four 
Solenopsis  species  were  not  significantly  different.  Solenopsis  aurea 
minors  survived  the  longest  at  27°  C  (12.19  hours),  whereas  S.  xyloni  was 
the  shortest  lived  (6.9  hours).  At  32°  and  38°  C,  S.  geminata  workers 
lived  longer  than  the  other  three  species. 

The  major  workers  of  S.  geminata  lived  the  longest  (36.36  hours)  at 
27°  C.  This  is  about  twice  as  long  as  S.  invicta  workers  and 
approximately  three  times  as  long  as  S.  xyloni  workers.  LT99  values  for 
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5’.  geminata  workers  at  32°  C  were  different  from  those  of  S.  invicta  and 
S.  xyloni,  about  four  and  three  times  as  long,  respectively. 

Discussion 

The  minor  and  major  worker  castes  of  all  species  survived  longest  at 
27°  C.  All  LT(oi-99)  values  decreased  as  temperature  increased  indicating 
an  inverse  relationship.  Comparison  of  S.  invicta  and  S.  xyloni  castes 
showed  that  the  majors  generally  lived  no  more  than  twice  as  long  as  the 
minors  at  all  three  temperatures.  Major  workers  of  S.  geminata  lived  up 
to  four  times  as  long  as  S.  geminata  minor  workers  at  27°  and  32°  C.  At 
38°  C,  however,  major  workers  lived  only  about  twice  as  long  as  minor 
workers. 

In  this  study,  there  was  a  critical  temperature  at  which  all  fire  ants  died 
within  a  limited  amount  of  time,  regardless  of  species  or  caste.  All  ants  in 
this  study  died  within  10  hours  of  being  exposed  to  zero  percent  relative 
humidity  and  38°  C.  Minor  workers  died  within  five  hours  of  exposure, 
whereas  major  workers  endured  up  to  twice  as  long.  In  all  species,  the 
major  worker  caste  was  more  tolerant  of  the  experimental  conditions 
than  was  the  minor  worker  caste. 

There  also  appeared  to  be  differences  among  fire  ant  species,  regardless 
of  caste.  The  major  workers  of  S.  geminata  were  significantly  more 
desiccation-resistant  than  those  of  the  other  species,  probably  because  of 
their  size.  Minor  workers  of  all  species  were  not  significantly  different  in 
their  tolerance  of  the  experimental  conditions.  However,  trends  appeared 
when  examining  the  species  and  their  interactions  with  temperature  (Figs. 
3,  4).  In  the  minor  worker  caste  (Fig.  3),  S.  aurea  and  S.  invicta  appear 
to  follow  a  pattern  of  steadily  decreasing  tolerance  to  increasing 
temperature,  although  they  show  a  less  rapid  rate  of  decline  between  32° 
and  38°  C  than  between  27°  and  32°  C.  Solenopsis  geminata  and  S. 
xyloni  had  only  a  slight  reduction  in  resistance  from  27°  to  38°  C.  These 
patterns  also  appeared  to  be  true  of  the  major  worker  caste  (Fig.  4)  in 
that  the  three  species  tested  had  approximately  the  same  LTso  and  LT99 
values  at  38°  C.  This  indicates  that  there  is  a  critical  temperature  at 
which  all  four  species  of  fire  ants,  regardless  of  size  or  species,  will 
succumb  to  the  low  humidity  and  high  temperature  in  a  similar  length  of 
time. 

Of  the  four  species  studied,  S.  geminata  appeared  to  be  slightly  more 
resistant  to  desiccation.  There  was  little  difference  in  the  responses  of  S. 
aurea,  S.  invicta,  and  S.  xyloni.  However,  among  these  three  species,  S. 
aurea  and  S.  invicta  were  more  nearly  the  same  in  response.  In  moisture- 
deficient  situations,  the  extent  of  water  loss,  in  terms  of  total  body  water 
initially  present,  is  greater  in  small  animals  than  in  larger  animals.  Also 
weight-specific  metabolic  rates  usually  are  higher  in  small  animals. 
Therefore,  weight-specific  respiratory  water  loss  increases  with  a  decrease 
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Figure  3.  Lethal  times  (LT50  left,  LT99  right)  for  the  minor  worker  caste  of  four  Solenopsis 
species  at  three  temperatures  and  zero  percent  relative  humidity.  S.  aurea  =  A:  LT50,  r  = 
0.928;  LT99,  r  =  0.934.  S.  geminata  =  •:  LT50,  r  =  0.913;  LT99,  r  =  0.887.  S.  invicta  =  ■: 
LT50,  r  =  0.995;  LT99,  r  =  0.996.  5.  xyloni  =  O:  LT50,  r  =  0.891;  LT99,  r  =  0.896. 

in  animal  size  (Edney,  1977).  This  is  evident  in  this  study  where  the  larger 
ants,  S.  geminata  majors,  were  more  resistant  to  desiccation  than  the 
major  workers  of  the  other  three  species.  This  also  explains  why  major 
workers  of  three  species  were  more  tolerant  of  temperatures  between  27° 
and  38°  C  and  zero  percent  relative  humidity  than  the  smaller-sized 
minor  workers. 

Critical  temperature  tolerance  simply  may  be  due  to  body  size  of  the 
ant.  The  size  of  major  workers,  as  reflected  by  mean  head  capsule  width, 
was  larger  than  that  of  the  minor  workers  in  all  four  species.  The  mean 
head  capsule  width  for  the  minor  worker  caste  of  all  species  was  similar. 
The  difference  between  the  largest  to  the  smallest  was  only  0.13 
millimeters.  However,  in  the  case  of  the  major  worker  caste,  the  mean 
width  for  S.  geminata  was  larger  than  that  of  the  other  three  species,  the 
difference  being  0.78  millimeters.  Solenopsis  geminata  major  workers 
survived  much  longer  than  did  the  major  workers  of  S.  invicta  and  S. 
xyloni.  Unless  behavioral  patterns,  food,  interspecific  competition,  or 
other  factors  hinder  S.  invicta,  it  may  well  move  westward  and  become 
an  economic  pest  in  presently  uninfested  areas. 

Size  may  not  be  the  only  factor  in  explaining  variability  in  desiccation 
resistance.  The  ecological  surroundings  of  an  insect  may  play  a  role  in 
interpreting  the  differences  in  integumental  permeability.  If  this  is  true, 
desert-inhabiting  ants,  such  as  the  two  western  species,  S.  aurea  and  S. 
xyloni,  should  be  more  resistant  than  the  two  eastern  species,  S.  geminata 
and  S.  invicta.  This  study  indicates  that  within  a  temperature  range  of 
27°  to  38°  C,  all  four  Solenopsis  species  are  equally  intolerant  of  water 
loss.  In  fact,  the  eastern  species,  S.  geminata,  seemed  the  most  resistant. 
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Figure  4.  Lethal  times  (LT50  left,  LT99  right)  for  the  major  worker  caste  of  three  Solenopsis 
species  at  three  temperatures  and  zero  percent  relative  humidity.  S.  geminata  =  •:  LT50, 
r  =  0.999;  LT99,  r  =  0.859.  S.  invicta  =  ■:  LT50,  r  =  0.987;  LT99,  r  =  0.810.  S.  xyloni  ~ 
O:  LT50,  r  =  0.959;  LT99,  r  =  0.979. 

Francke  et  al.  (1985)  determined  the  maximum  temperatures  that  four 
Solenopsis  species  (the  same  species  as  in  the  present  study)  could 
tolerate  for  one  hour.  They  examined  the  effects  of  critical  temperature 
on  only  minor  worker  caste  members  at  zero  percent  and  near  100 
percent  relative  humidity.  The  lethal  dose  (LD95)  for  a  one  hour  exposure 
ranged  from  43.9°  to  45.3°  C.  Although  significant  differences  were 
detected,  they  were  regarded  by  those  authors  to  be  biologically 
negligible.  As  in  the  present  study,  Francke  et  al.  (1985)  failed  to 
demonstrate  any  differences  between  the  pest  species  S.  invicta  and  its 
three  native  Texas  congeners  that  would  suggest  the  former  species  will 
not  adapt  to  more  xeric  conditions  of  the  western  United  States. 

It  is  important  to  remember  that  ants  are  capable  of  behavioral 
thermoregulation.  By  foraging  at  night  or  by  seeking  shade  during  the 
hottest  parts  of  the  day,  worker  ants  can  avoid  extreme  temperatures. 
Ants  in  nests  may  avoid  increasing  daytime  temperatures  by  retreating 
deeper  into  the  soil. 
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Abstract. — A  new  two-sided  probability  inequality  for  binomial  probabilities  is 
developed  by  applying  an  elementary  property  of  binomial  random  variables.  The  new 
bound  is  shown  to  be  uniformly  tighter  than  previous  bounds.  Key  words:  two-sided 
probability  inequalities;  Taylor  series  expansion. 

Let  X  be  a  binomial  random  variable  with  the  distribution  B(k;n,p)  == 
P(X  =  k)  =  (^)  (pk)  (1  —  p)n“k^  k  =  0,l,2,...,n,  arising  from 
independent  repetitions  of  an  event  with  probability  p  and  let  q  =  1  ~  p. 

Uspensky  (1937:  102)  has  given  the  following  two-sided  inequality 
relating  to  the  partial  sum  of  binomial  probabilities  for  any  constant  e  > 
0  and  any  p  with  0  <  p  <  1, 

P  {  |X/n  -  p|  >  e}  <  2  exp  (-ne/2).  (1) 

Similar  inequalities  also  have  been  obtained  by  Levy  (1954:280)  as 
follows:  for  any  e  >  0, 

(i)  P  {|X/n  -  pl  >  e}  <  (2/t)  exp  (-2ne2), 

(ii)  P(|X/n-p|  >e}<[2/e(n)'/2]exp(-2ne2),  (2) 

provided  in  (ii)  that  min  {p,q}  >  max  {4/n,2e}. 

Okamoto  (1958)  has  sharpened  the  Uspensky  and  Levy  inequalities  for 
many  values  of  n  and  e.  He  has  shown  that  for  e  >  0  and  0  <  p  <  1, 

P{|X/n- p|  >e}<2exp(-2ne2).  (3) 

This  two-sided  bound  has  been  generalized  by  Hoeffding  (1963)  for  sums 
of  random  variables  such  that  the  individual  random  variables  are 
bounded  from  below  by  zero  and  from  above  by  one. 

Kambo  and  Kotz  (1966),  with  a  correction  by  Krafft  (1969),  have 
sharpened  Okamoto’s  inequality,  yielding  the  bound 

P  {|X/n  -  p|  >  e}  <  2  exp  [-2ne2  -  (4/9)  ne4],  (4) 
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where  0  <  p  <  1  and  0  <  e  <  1  —  p.  A  further  sharpening  of  the 
corresponding  one-sided  exponential  probability  bound,  with  some 
restrictions,  has  been  presented  by  Krafft  (1969),  who  derived  the 
inequality 

P  {X/n  -  p  >  «}  <  (1  -  ~  (1  +  2e)“"  "*■  (5) 

with  the  restrictions  that  0  <  e  <  1  —  p  and  p  >  or  p  +  e  < 

In  this  note,  we  derive  two  two-sided  probability  inequalities  for 
binomial  probabilities  that  sharpen  inequalities  (1)  to  (4).  We  also 
compare  the  relative  sharpness  of  the  two  new  inequalities  and  show  that 
one  is  uniformly  sharper  for  0  <  e  < 

An  Improved  Two-sided  Upper  Bound  for  Binomial  Probabilities 

We  shall  need  the  following  two  lemmas  in  the  derivation  of  the 
relaxation  of  the  restrictions  in  (5).  The  first  lemma  has  been  proved  in 
Krafft  (1969)  and  is  stated  without  repeating  the  proof. 

Lemma  1. — Suppose  0  <  e  <  1  —  p  and  let 

L(p,£)  =  (p  +  6)  log  (I  +  6/p)  +  (1  -  p  -  6)  log  (I  -  6/q). 

If  p  >  !^  or  if  p  +  e  <  Vi,  then 

L(p,6)  >  log  [(1  +  26)'/^  +  '  (1  -  26)'/'  “  ‘]. 

Lemma  2. — Let  Yi,  Y2,...be  a  sequence  of  random  variables  such 
that  0  <  Yi  <  1  and  EYi  =  /x.  Let  Zi  =  1  —  Yi  and  EZi  =  ju*  and  let 

Y  =  (1/n)  f  Yi  and  Z  =  (1/n)  X  Zi. 
i=l  i=l 

Then,  for  e  >  0, 


P{|Y-mI  >6}  =  P{|Z-)U*I  >e}. 

The  proof  is  straight  forward  and,  therefore,  omitted. 

We  now  present  the  following  theorem,  which  demonstrates  that  the 
conditions  given  in  (5)  are  unnecessary  for  the  upper  bound  of  the 
corresponding  two-sided  probability  inequality. 

Theorem  1.  Let  X  ~  Binomial  (n,p).  For  0  <  p  <  1  and  0  <  e  <  !4, 

P  {|X/n  -  p|  >  6}  <  2  [(1  -  2  (]  +  (6) 
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In  proof  of  this  theorem,  the  cases  e  =  0,  p  =  0,  and  p  =  1  are  trivial. 
Suppose  that  0  <  p  <  !4  or  <  p  <  3^  and  0  <  e  <  14.  It  is  easy  to 
show  that 

P  {|X/n  -  p|  >  e}  <  2E{e  t[(X/n)  -  p  -  e]}, 

where  t  >  0  and  E  is  the  expectation  operator.  Evaluating  the  right  side, 
we  have 


P  {|X/n  -  p|  >  e}  <  2e  -t(p+e)  (pet/n  +  q)n 
=  2  exp  [— t  (p  +  e)  +  nlog  (pet/  n  +q)].  (7) 

The  right-hand  side  of  (7)  is  minimized  by 

t  =  nlog  [(1  +  e/p)/(l  -  6/q)], 
a  nonegative  number.  Hence, 

P{|X/n  -  p|  >  e}  <  2exp[-n(p  +  e)log(l  +  e/p)  -  n(q-  «)log(l  -  e/q)]. 
Applying  Lemma  1,  we  have 

P{|X/n  -  p|  >  e}  <  2(1  (8) 

for  0  <  p  <  V4  or  <  p  ^^4.  Upon  applying  Lemma  2  to  the  left-hand 
side  of  (8),  we  find  that 

P{|X/n  -  p|  >  e}  <  2(1  -2e)"^^“'/2\l 

for  all  p  such  that  0  <  p  <  1  and  0  <  e  <  4. 

A  Comparison 

Consider  the  following  one-sided  exponential  upper  bound  proposed 
by  Kambo  and  Kotz  (1966): 

P{X/n  -  p  >  e}  <  exp  [-2n62  -(4/3)n64],  (9) 

where  e  >  0  and  0  <  p  <  1.  Krafft  (1969)  has  noted  that  inequality  (9) 
does  not  hold  for  all  p  such  that  0  <  p  <  1  where  e  >  0  due  to  an  error 
in  a  symmetry  argument  in  Theorem  2  of  Kambo  and  Kotz  (1966). 
However,  one  can  verify  that  inequality  (9)  does  hold  for  0  <  p  <  !4  or 
]/2  <  p  <  y4  and  0  <  e  <  From  application  of  Lemma  2,  it  follows 
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that  although  Kambo  and  Kotz  (1966)  have  an  error  in  their  proof  of  the 
one-sided  inequality,  a  two-sided  version  of  inequality  (9)  is  true,  and  is 
of  the  form 


P{|X/n  -  pl  >  «}  <  2exp  [-2n«2  -(4/3)ne4],  (lO) 

where  0  <  e  <  !4. 

A  major  question  that  is  unanswered  by  Krafft  (1969),  and  in  view  of 
the  inequalities  given  in  (6)  and  (10),  is  of  concern  in  this  note,  is  the 
relative  tightness  of  (6)  and  (10),  or  equivalently,  of  (5)  and  (9).  The 
following  theorem  establishes  this  relationship. 

Theorem  2.  Let  0  <  e  <  V2  and  let  n  be  a  positive  number.  Then, 

2(1  -  2e)"(‘-'/^)  (1  +  2.r"(‘+'/^)  <  2e-2"‘2-(4/3)ne4 
Proof:  Let  0  <  e  <  V2.  Clearly, 

22  €  6  [^  -  ^]  +  29  68  _  i.]  +...+  >  0 

and,  therefore, 

'/2[-  462  -  864  -  2Z«6  _  2M  _ 

6  8 

+  862  +Me4  +  2M+2M+  . 

357 

>  262  +  |-64  (11) 

The  left-hand  side  of  inequality  (11)  may  be  reexpressed  as 

i/2[26  -  262  +  |-  63  -  464  +  ...  +  462  -  463  +  ^  64  -  865  +  . . .] 

+  !/2[-26  -  262  -  63  -  464  ...  +  4^2  +  463  +  ^  64  +  865  +  . . .] 

Noting  that  for  |x|  <  1,  ln(l  +  x)  =  x  —  +  ...  ,  we 

find  that  the  left-hand  side  of  (11)  may  be  reexpressed  as 

(1/2  -  e)ln(l-2e)  +  {Y2+  6)ln(l  +  2e).  (12) 

From  (11)  and  (12)  we  see  that 

(1/2  -  6)ln(l-26)  +  (1/2+  e)ln(l  +  26)  >  262  +  (4/3)64 
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or  that 


[(1  -  <  [e2«2+(4/3)e4]-n 

which  is  equivalent  to 

2(1  -  26)"^^“'-^^^  (H-2e)“"(^'*'‘/2)  <  2e-ne2-(4/3)n«4 

From  Theorem  2  it  is  clear  that  for  0  <  e  <  *4,  inequality  (6)  is 
uniformly  sharper  than  inequality  (10). 

Discussion 

Probability  inequalities  for  binomial  probabilities  have  been  applied  to 
several  statistical  problems.  One  application  is  the  determination  of 
discarding  functions  for  given  probability  criteria  for  sequential  decoding 
with  a  binary  symmetric  channel  as  described  by  Wozencraft  and  Reiffen 
(1961).  A  second  application  is  deriving  confidence  bounds  for  the 
nonparametric  U-statistic  estimator  of  the  binomial  parameter  p.  This 
application  has  been  considered  by  Yang  and  Mo  (1985),  who  have 
applied  the  inequality  given  in  (3)  in  conjunction  with  Chebychev’s 
inequality  to  provide  confidence  bounds  for  the  parameter  p.  The  results 
given  in  inequalities  (6)  and  (10)  imply  that  the  confidence  bounds  given 
in  Yang  and  Mo  (1985)  may  be  sharpened  to: 

P{|X/n  -  p|  <  e)  >  max  (1  -  (l/4ne2), 

1  -  2[(1  -  (l+2t)“"(‘''''/^^],  0}. 
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WOODY  VEGETATION  OF  A  NATURAL  PINE-HARDWOOD 
WOODLAND  IN  SAN  AUGUSTINE  COUNTY,  TEXAS 
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Abstract. — The  vegetation  of  a  forested  area  in  San  Augustine  County,  Texas,  was 
analyzed  by  the  plot  method  to  determine  relative  density  and  basal  area  of  trees  and 
shrubs  present.  Based  on  importance  values  (sum  of  relative  density  and  relative  basal  area), 
loblolly  pine  {Finns  taeda)  dominated  both  the  tree  and  shrub  component.  Diversity 
measures  and  importance  values  of  dominant  species  indicate  that  vegetation  of  the  area  is 
typical  of  a  transitional,  moderately  stable  mid-seral  stage.  Key  words:  community 
composition;  diversity. 

The  Piney  Woods  Region  of  eastern  Texas  covers  approximately  4.57 
million  hectares  in  43  counties.  This  region  is  the  westernmost  extension 
of  the  northern  coastal  plain  (USDA,  1969).  Descriptions  of  the 
vegetation  of  this  region  generally  have  taken  one  of  two  possible 
approaches.  Numerous  authors  have  described  the  overall  vegetative  type 
of  the  entire  region  (Bray,  1906;  Tharp,  1926,  1939;  Pessin,  1933;  Blair, 
1950;  Braun,  1950;  Kiichler,  1964;  Gould,  1969;  Waggoner,  1975).  In 
addition,  several  plant  identification  manuals  have  been  written  to  aid 
individuals  in  learning  the  vegetation  of  eastern  Texas.  These  manuals 
provide  brief  descriptions  of  the  various  vegetative  types  in  Texas  (Vines, 
1960,  1977;  Correll  and  Johnston,  1970;  Hicks  and  Stephenson,  1978; 
Nixon,  1985). 

Numerous  authors  also  have  focused  on  providing  descriptions  of 
specific  habitats  in  the  eastern  part  of  the  state.  Riskind  et  al.  (1983) 
listed  more  than  200  citations  that  include  discussion  regarding  the 
vegetation  of  this  diverse  ecological  region. 

Naturally  occurring  pine-hardwood  stands  once  dominated  the 
landscape  in  eastern  Texas.  However,  the  last  20  to  30  years  have 
witnessed  the  conversion  of  many  stands  to  pine  plantations,  particularly 
on  lands  owned  by  large  corporate  landowners.  Many  small  ownerships 
also  have  been  cutover,  primarily  removing  the  more  valuable  pine 
component.  Extensive  acreages  of  naturally  occurring  pine-hardwood 
stands  are  found  primarily  on  our  national  forests. 

The  forested  area  included  in  this  study  (approximately  300  hectares)  is 
currently  under  the  jurisdiction  of  the  Angelina  Ranger  District  (Lufkin, 
Texas)  of  the  Angelina  National  Forest.  It  is  located  in  the  southern  tip 
of  San  Augustine  County,  Texas,  and  lies  adjacent  to  Sam  Rayburn 
Reservoir.  Also,  the  area  currently  is  included  in  a  special-use  permit 
granted  to  the  School  of  Forestry  at  Stephen  F.  Austin  State  University 
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as  part  of  the  development  of  the  Piney  Woods  Conservation  Center 
(PWCC).  The  PWCC  is  being  developed  to  serve  as  a  focal  point  for 
conservation  education  in  Texas.  The  objective  of  this  study  was  to 

obtain  baseline  vegetational  data  that  could  be  updated  on  a  regular 

basis.  These  data  then  could  be  utilized  for  comparisons  with  other  areas 
within  the  surrounding  region  that  are  under  various  types  of 

management  regimes. 

The  soils  of  the  study  area,  as  mapped  by  the  USD  A  Soil 

Conservation  Service,  belonged  to  only  two  soil  series.  More  than  90 
percent  of  the  area  was  mapped  as  the  Moswell  Series.  Moswell  soils  are 
classified  as  very  fine,  montmorillonitic,  thermic,  vertic  Hapludalfs.  The 
remainder  of  the  area  was  mapped  as  the  Raylake  Series,  which  are 
classified  as  fine  montmorillonitic,  thermic,  Aquentic  Chromuderts.  Both 
series  have  a  relatively  high  clay  content  and  both  possess  vertic 
properties  (high  shrink-swell  capacity). 

Mean  annual  total  precipitation,  as  measured  at  the  weather  station 
maintained  by  the  School  of  Forestry  at  Nacogdoches,  was  120.4 
centimeters.  Mean  monthly  precipitation  was  11.7,  8.0,  10.6,  and  9.4 
centimeters,  respectively,  for  March  to  May,  June  to  August,  September 
to  November,  and  December  to  February,  respectively.  Mean  relative 
humidity  ranged  from  70  percent  in  March  to  75  percent  in  January 
(Reeves,  1976). 


Materials  and  Methods 

Because  the  area  will  be  maintained  indefinitely  as  the  PWCC’s  ecological  area,  a 
network  of  permanently  marked  plots  was  established.  Initially  a  baseline  was  run  along  the 
eastern  boundary  of  the  area,  with  permanent  markers  established  every  200  meters. 
Additional  baselines  were  established  perpendicular  to  this  baseline,  again  with  permanent 
markers  located  every  200  meters.  Random  numbers  then  were  utilized  to  select  the  sample 
plot  location  within  each  of  the  square  blocks  defined  by  the  grid  of  200  by  200  meters.  A 
total  of  74  locations  was  sampled.  At  these  sample  locations,  two  concentric  plots  were 
established.  Stems  that  were  greater  than  10  centimeters  diameter  at  breast  height  (dbh — 
taken  1.4  meters  above  groundline)  were  measured  on  a  circular  0.1 -hectare  plot.  A  smaller 
plot  of  0.01  hectare  was  used  to  measure  the  shrub  component  and  transgressives  of  tree 
species  (stems  1.0  to  9.9  centimeters  dbh).  Individual  stems  were  recorded  by  dbh  and 
species.  Where  clumps  of  stems  occurred,  a  notation  was  made  as  to  which  stems  comprised 
the  clump. 

In  order  to  define  the  vegetation  of  the  area,  importance  values  were  calculated  for  each 
tree  and  shrub  species  as  the  sum  of  relative  density  and  relative  basal  area  (Curtis  and 
McIntosh,  1951).  Further  vegetative  definition  was  accompanied  by  calculating  the 
probability  of  interspecific  encounter  (Hurlbert,  1971),  Shannon’s  index  of  diversity  (Pielou, 
1977),  evenness  (Pielou,  1969),  and  species  richness  (Margalef,  1958). 

The  probability  of  interspecific  encounter  (PIE)  ranges  from  0.0  to  1.0  and  expresses  the 
probability  of  encountering  a  different  species  when  moving  randomly  through  a 
community.  The  Shannon  index  indicates  the  diversity  and  stability  of  a  community.  High 
calculated  values  (greater  than  3.0)  are  reflective  of  a  stable  plant  community  (climax), 
whereas  values  less  than  1.0  are  indicative  of  unstable  plant  (pioneer)  communities.  Pielou’s 
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Table  1.  Basal  area,  density,  and  importance  value  data  for  dominant  woody  species  of  the 
Piney  Woods  Conservation  Center  ecological  area. 


Species 

Average 
basal  area 
m^ha 

Average 
density 
stems/ ha 

Average 

IV' 

Pinus  taeda 

8.89 

153 

63.8 

Pinus  echinata 

7.00 

124 

54.1 

Quercus  stellata 

3.30 

115 

33.3 

Liquidambar  styraciflua 

1.15 

51 

15.4 

Quercus  falcata 

1.09 

36 

11.9 

Nyssa  sylvatica 

0.44 

18 

5.4 

Quercus  marilandica 

0.33 

16 

4.6 

Pinus  palustris 

0.75 

6 

4.5 

Quercus  alba 

0.21 

8 

2.4 

Carya  tomentosa 

0.06 

4 

0.9 

Cornus  florida 

0.04 

3 

0.8 

Acer  rub  rum 

<0.01 

3 

0.8 

Ilex  opaca 

0.04 

2 

0.7 

Fraxinus  americana 

0.02 

1 

0.4 

Quercus  phellos 

0.05 

1 

0.4 

Quercus  nigra 

0.03 

1 

0.4 

Sassafras  albidum 

0.01 

1 

0.2 

‘importance  value  is  equal  to  the  sum  of  relative  basal  area  and  relative  density.  Four 
species  (Quercus  falcata  v.  pagodifolia,  Chionanthus  virginius,  Rhus  copallina,  and  Vlmus 
alata)  had  importance  values  less  than  0. 1 . 


measure  of  evenness  indicates  the  relative  number  of  individuals  of  each  species  present  in 
the  community.  When  evenness  equals  1.0,  all  individuals  are  evenly  distributed  among  all 
species  present.  Margalefs  measure  reflects  richness  of  species  present  in  the  community. 
Values  greater  than  3.0  indicate  a  community  that  is  “rich”  in  species. 

Results  and  Discussion 

Twenty-one  tree  species  (nonmenclature  follows  Hicks  and  Stephenson, 
1978)  were  found  over  the  entire  PWCC  area.  Five  species  should  be 
considered  the  dominant  species  as  they  comprise  almost  90  percent  of 
the  average  total  importance  value  (Table  1).  The  overstory  of  a  typical 
site  within  the  study  area  was  dominated  by  loblolly  {Pinus  taeda)  and 
shortleaf  {Pinus  echinata)  pines,  with  post  oak  {Quercus  stellata), 
sweetgum  {Liquidambar  styraciflua),  and  southern  red  oak  {Quercus 
falcata)  as  common  associates.  The  remaining  16  species  were  found  only 
as  minor  components. 

The  vegetation  of  the  study  area  did  not  exhibit  a  noticeably  high 
diversity  in  the  tree  component.  The  diversity  index  ranged  from  less 
than  1.0  to  3.22,  averaging  2.16.  This  was  indicative  of  a  moderately 
stable  community.  These  diversity  values  were  undoubtedly  influenced  by 
previous  occurrences  of  both  commercial  thinnings  and  fire,  whether 
controlled  or  wild.  These  two  influences  were  evident  on  the  study  area. 
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Table  2.  Basal  area,  density,  and  importance  value  data  for  dominant  species  on  shrub 
plots  sampled  within  the  Piney  Woods  Conservation  Center  ecological  area. 


Species 

Average 
basal  area 
mV  ha 

Average 
density 
stems/ ha 

Average 

IV' 

Pinus  taeda 

0.60 

996 

56.8 

Quercus  stellata 

0.40 

134 

23.6 

Liquidambar  styraciflua 

0.30 

243 

22.7 

Vaccinium  arboreum 

0.10 

332 

16.4 

Cornus  florida 

0.10 

118 

9.3 

Ilex  decidua 

0.10 

84 

8.3 

Nyssa  sylvatica 

0.10 

58 

7.8 

Ilex  vomitoria 

0.10 

95 

7.6 

Quercus  marilandica 

0.10 

32 

5.3 

Carya  tomentosa 

0.10 

42 

5.2 

Quercus  falcata 

0.10 

45 

5.1 

Crataegus  marshallii 

0.40 

119 

4.0 

Crategus  spp. 

<0.00 

58 

2.9 

Acer  rubrum 

<0.00 

31 

2.9 

Pinus  echinata 

<0.00 

16 

2.7 

Viburnum  dentatum 

<0.00 

16 

2.7 

Rhus  copallina 

<0.00 

24 

2.0 

Callicarpa  americana 

<0.00 

31 

1.9 

Ilex  opaca 

<0.00 

18 

1.6 

Sassafras  albidum 

<0.00 

5 

1.5 

Total 

2.50 

2536 

189.9 

Total  (all  species) 

2.70 

2588 

200.0 

'importance  value  is  equal  to  the  sum  of  relative  basal  area  and  relative  density. 


This  supported  the  data  from  Table  1  that  illustrated  the  dominance  of 
pine  over  all  hardwood  species.  Calculated  richness  values  as  suggested 
by  Margalef  (1958)  also  were  reflective  of  the  same  transitional,  sub¬ 
climax  community  as  defined  by  the  Shannon  measure  of  diversity. 
Richness  ranged  from  1.24  to  2.00.  The  mean  values  for  PIE  (0.72)  and 
for  evenness  (0.78)  are  both  moderately  high,  adding  further  support  to 
the  description  of  a  mid-seral  stage  community. 

Stems  of  41  species  were  included  in  the  inventory  of  the  shrub 
component.  Eighteen  of  these  were  true  shrub  species,  whereas  23  were 
transgressives  of  woody  plants  found  in  the  overstory  component  (Table 
2).  The  single  most  important  species  was  loblolly  pine;  its  importance 
value  was  virtually  double  that  of  any  other  species.  The  top  20-ranked 
species  accounted  for  almost  95  percent  of  the  total  importance  value. 
The  remaining  21  species  were  rarely  encountered. 

Therefore,  in  summary,  the  woody  vegetation  of  the  study  area  would 
be  described  as  a  transitional  sub-climax  serai  stage  dominated  by 
loblolly  and  shortleaf  pines  and  possessing  a  moderate  to  high 
component  of  hardwood  species  that  are  transgressing  into  the  overstory. 
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Species  composition  is  similar  to  the  dominant  vegetation  of  upland  pine- 
dominated  types  as  described  by  Sullivan  and  Nixon  (1971),  Marks  and 
Harcombe  (1975),  and  Harcombe  and  Marks  (1979).  The  transitional 
nature  of  the  vegetative  community  is  reflected  in  the  dominance  of 
intolerant  species  (pines)  in  the  overstory  and  also  by  the  presence  of  pine 
seedlings  and  saplings  in  the  understory  component.  Additionally,  the 
presence  of  more  tolerant  oak  species  as  co-dominant  overstory  and 
understory  species  is  indicative  of  the  transitional  nature  of  the  serai 
stage.  Growth  of  this  hardwood  component  should  eventually  reduce  the 
importance  of  pine  species  that  are  unable  to  continue  to  successfully 
reproduce  under  the  increasing  shade  of  maturing  hardwoods.  The  study 
area  typifies  many  forested  areas  within  the  Piney  Woods  region  of 
eastern  Texas,  particularly  naturally  occurring  stands  on  soils  with  similar 
properties  (high  clay  content  and  high  shrink-swell  capacity). 
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CRANIAL  ASYMMETRY  AND  PERSISTENT  DECIDUOUS  PREMOLARS 
IN  AN  ADULT  PORCUPINE  (ERETHIZON  DORSATUM) 

Frederick  B.  Stance,  Jr.,  Dawn  E.  Morris,  and  Richard  C.  Erickson 
Department  of  Biology,  Midwestern  State  University,  Wichita  Falls,  Texas  76308 

Dental  anomalies  have  been  documented  for  a  variety  of  mammalian  taxa  (see,  for 
example,  Hall,  1940;  Phillips  and  Jones,  1972;  Smith  et  al.,  1977;  Vaughan,  1961).  However, 
cranial  asymmetry,  while  the  rule  in  cetaceans,  is  a  rarely  reported  phenomenon  among 
terrestrial  taxa. 

On  23  June  1986,  Walter  W.  Dalquest  salvaged  the  skull  of  a  large  adult  female 
porcupine,  Erethizon  dorsatum,  killed  along  a  road  1.1  mi  E.  Kenton,  Cimarron  Co., 


Figure  1. — Illustrations  demonstrating  cranial  and  dental  anomalies  of  a  porcupine 
(MWSU  13690);  a,  occlusal  view  of  maxillary  dentition;  b,  lateral  view  of  dental  battery; 
c,  dorsal  view  of  skull,  illustrating  asymmetry.  Stippling  indicates  areas  of  teeth  not 
externally  visible;  black  indicates  deciduous  premolars. 
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Oklahoma.  Nothing  unusual  was  initially  noted  about  the  animal.  When  the  cleaned  skull 
became  available  for  inspection,  however,  it  was  found  to  have  retained  both  deciduous 
premolars,  and  was  markedly  asymmetrical. 

Dental  analysis. — X-rays  were  taken  from  dorsal,  ventral,  and  both  lateral  views  of  the 
skull.  Lateral  x-rays  also  were  taken  of  each  of  the  mandibles.  The  permanent  upper 
premolars  are  impacted  against  the  first  molars,  which  prevented  their  eruption,  and 
allowed  for  retention  of  the  upper  deciduous  premolars.  These  milk  teeth  are  rooted 
shallowly,  and  worn  to  a  smooth,  polished  crescent  shape  (Fig.  la-b)  by  unusually  elevated 
lower  premolars. 

Cranial  asymmetry. — An  immediately  noticeable  feature  of  the  porcupine  skull  is  the 
pronounced  deviation  of  the  sagittal  crest  5  mm  to  the  left  of  midline,  and  bending  sharply 
to  the  left  (Fig.  Ic).  The  occipital  region  of  the  skull  is  likewise  distorted;  the  left  side 
positioned  3  mm  caudal  to  that  of  the  right.  A  likely  cause  would  appear  to  be  the  result  of 
an  imbalance  of  masticatory  musculature,  primarily  the  temporalis  muscles.  However,  no 
differential  wear  of  the  left  and  right  toothrows  was  apparent,  as  would  be  expected  if  such 
were  the  case. 

No  obvious  relationship  exists  between  the  above  dental  and  cranial  abnormalities, 
although  Vaughan  (1961)  attributed  asymmetry  of  a  gopher  skull  to  muscle  imbalance 
because  of  dental  problems. 

Of  special  interest  is  a  preliminary  survey  of  a  series  of  seven  porcupine  skulls  from 
throughout  the  southwestern  United  States;  five  of  those  specimens  exhibit  noticeable 
asymmetry  in  the  same  direction  as  that  in  the  specimen  described  above.  The  possibility  of 
directional  asymmetry  in  porcupines  is  currently  under  investigation. 

The  porcupine  skull  is  deposited  in  the  Collection  of  Recent  Mammals,  Midwestern  State 
University  (MWSU  13690). 
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PREY  PREFERENCES  OF  A  PREDACEOUS  STINK  BUG, 
STIRETRUS  ANCHORAGO  (F.)  (HEMIPTERA:  PENTATOMIDAE) 

Raymond  W.  Neck 

Texas  Parks  and  Wildlife  Department,  4200  Smith  School  Road,  Austin,  Texas  78744 

Although  stink  bugs  are  generally  phytophagous,  a  majority  of  species  of  the  subfamily 
Asopinae  are  predaceous  upon  “soft-bodied  injurious  insects”  (Blatchley,  1926).  One  of  the 
predaceous  stink  bugs  is  Stiretrus  anchorago  (F.),  which  ranges  from  the  eastern  United 
States  south  into  Mexico  (Blatchley,  1926;  Plummer  and  Landis,  1932).  Waddill  and 
Shepard  (1974)  reported  results  of  a  rearing  regime  of  S.  anchorago  associated  with  a 
program  to  control  the  Mexican  bean  beetle,  Epilachna  varivestis  Mulsant,  on  soybeans. 


The  Texas  Journal  of  Science,  Vol.  40,  No.  3,  August  1988 


GENERAL  NOTES 


355 


Table  1.  Prey  of  Stiretrus  anchorago  in  Austin,  Texas  (species  and  family  of  food  plant  of 
prey  in  parentheses). 


COLEOPTERA 

Coccinellidae 

Epilachna  borealis  {Cucurbita  foetidessima,  Cucurbitaceae) 

Chrysomelidae 

Labidomera  clivicollis  {Cynanchum  unifarium,  Asclepiadaceae) 

Leptinotarsa  texana  {Solarium  eleagnifolium,  Solanaceae) 

Leptinotarsa  decimlineata  {Solarium  rostratum,  Solanaceae) 

Trirhabda  sp.  nr.  virgata  {Zanthoxylum  hirsutum,  Rutaceae) 

Lepidoptera 

Arctiidae 

Hyphantria  cunea  {Carya  illinoinensis,  Juglandaceae) 

Noctuidae 

Basilodes  catharops  { Verbesina  encelioides,  Compositae) 

Nymphalidae 

Chlosyne  gorgone  {Helianthus  petiolaris,  Compositae) 

Chlosyne  janais  {Anisacanthus  wrightii,  Acanthaceae) 

Chlosyne  lacinia  {Helianthus  annuus  and  Verbesina  encelioides,  Compositae) 
Chlosyne  nycteis  ( Verbesina  virginica,  Compositae) 

Texola  elada  {Anisacanthus  wrightii,  Acanthaceae) 


Whereas  they  reported  data  on  S.  anchorago  concerning  life  spans,  egg  production  and 
viability,  and  life  cycle  periods,  little  information  has  been  published  on  field  studies  of  S. 
anchorago.  Reported  herein  are  field  and  laboratory  observations  on  S.  anchorago  in  the 
area  of  Austin,  Travis  Co.,  Texas.  Field  observations  were  made  at  Brackenridge  Field 
Laboratory  of  The  University  of  Texas  at  Austin.  Planted  and  natural  stands  of  the 
common  sunflower  were  surveyed  by  systematic  pedestrian  surveys.  Other  plant 
communities  also  were  sampled  and  observations  noted  when  S.  anchorago  was  found. 
Laboratory  observations  were  made  in  cages  containing  plants  and  potential  prey  or  in 
small  plastic  boxes  provided  with  plant  material  and  animal  prey. 

Stiretrus  anchorago  is  active  from  April  through  November  in  the  Austin  area. 
Individuals  overwinter  as  adults,  and  nymphal  stages  appear  in  early  May.  Under  normal 
conditions,  there  are  three  generations  per  year.  Field-collected  egg  masses  contained  four 
to  16  eggs  (mean  9.2,  N  =  21).  The  egg  is  like  that  of  Stiretrus  fimbriatus  (Say)  (Getting 
and  Yonke,  1971)  except  for  its  darker  color  (blue-black  to  black  in  S.  anchorago).  First 
instar  nymphs  were  inactive,  remaining  in  an  aggregation  on  the  egg  mass  or  adjacent  leaf 
surface.  Feeding  by  first  instar  nymphs  was  not  observed,  but  second  instar  nymphs  are 
quite  active.  Although  all  active  stages  are  predatory  in  behavior,  nearly  mature  nymphs 
and  adults  were  observed  feeding  upon  leaf  material.  Such  behavior  was  observed  in  the 
laboratory.  Enhancement  of  survival  of  predatory  hemipterans  as  a  result  of  feeding  on 
plant  material  has  been  reported  (Stoner,  1972;  Ruberson  et  ah,  1986).  Siblings  tend  to 
remain  aggregated  and  may  not  disperse  for  several  instars  if  a  suitably  abundant  prey 
biomass  exists. 

Previous  investigations  have  shown  that  Stiretrus  anchorago  is  a  general  feeder  on  larvae 
of  various  species  of  Lepidoptera  and  Coleoptera  (Thompson  and  Simmonds,  1965;  Waddill 
and  Shepard,  1974,  1975).  Townsend  (1897)  reported  this  species  at  Brownsville,  Cameron 
Co.,  Texas,  inside  cotton  squares  and  on  Solanum  eleagnifolium  Cav.;  no  prey  species  were 
reported.  Stiretrus  anchorago  also  occurs  in  central  Mexico  where  it  is  known  to  feed  on 
the  larvae  of  Epilachna  corrupta  Mulsant  (Plummer  and  Landis,  1932).  Observations  of 
field-selected  prey  in  the  vicinity  of  Austin,  Travis  Co.,  Texas,  from  1968  to  1973  confirmed 
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variable  prey  selection  (Table  1).  Host  plant  of  the  prey  larvae  are  included  to  indicate  that 
the  prey  diversity  reflects  diversity  of  plants  visited  by  S.  anchorago  during  its  searches  for 
prey.  Knight  (1923)  reported  that  Perillus  bioculatus  F.  and  P.  circumcinctus  Stal  in 
Minnesota  appeared  to  be  generally  restricted  to  feeding  upon  larvae  of  a  small  number  of 
coleopterous  species,  whereas  they  only  rarely  feed  on  lepidopterous  larvae. 

Common  prey  items  of  Stiretrus  anchorago  are  larvae  of  the  patch  butterfly,  Chlosyne 
lacinia  adjutrix  (Scudder),  which  exist  in  three  color  forms — rufa,  bicolor,  and  nigra 
(Edwards,  1893;  Neck  et  al.,  1971).  Observations  during  several  seasons  (1968  to  1972)  were 
compiled  to  determine  if  this  species  preferentially  selects  one  or  two  color  forms.  Larvae 
on  the  same  leaf  as  the  prey  larva  and  the  predator  were  counted.  No  significant  difference 
in  predation  rates  among  the  three  morphs  was  observed  in  field  observations,  which 
included  1380  larvae  of  C.  /.  adjutrix  (x^2)  =  0.03,  P>  .75). 

I  thank  R.  C.  Foreschner,  D.  M.  Weisman,  and  R.  E.  White  for  identification  of  some  of 
the  insects  collected  during  this  study. 
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LATE  PLEISTOCENE  ANURANS  FROM  FOWLKES  CAVE, 
CULBERSON  COUNTY,  TEXAS 

Dennis  Parmley 

The  Museum,  Michigan  State  University,  East  Lansing,  Michigan  48824 

Amphibians  are  relatively  common  Pleistocene  fossils  in  Texas,  but  there  are  few  records 
from  the  arid  Chihuahuan  Desert  of  the  Trans-Pecos  region.  A  large  collection  of  late 
Pleistocene  fossils  collected  from  Fowlkes  Cave  in  Trans-Pecos  Texas  by  Walter  W. 
Dalquest,  Fredrick  Stangl,  and  parties  from  Midwestern  State  University  includes  a  small, 
but  noteworthy  assemblage  of  well-preserved  frog  bones  representing  at  least  three  species. 
No  salamander  bones  were  discovered  among  the  fossils, 

Fowlkes  Cave  is  a  limestone  sinkhole-type  cave  in  the  southern  part  of  Culberson 
County,  approximately  10  kilometers  north  of  the  town  of  Kent.  The  cave  lies  near  the 
southern  extreme  of  the  barren  Apache  Mountains  in  typical  Chihuahuan  Desert  habitat. 
The  late  Pleistocene  age  of  the  fossil  bearing  stratum  was  determined  by  the  presence  of  a 
jaw  of  the  extinct  antilocaprid  Capromeryx  (Dalquest  and  Stangl,  1984).  Specimen  numbers 
given  in  the  following  species  accounts  are  those  of  the  Midwestern  State  University 
Collection  of  Fossil  Vertebrates. 

Rana  sp.  indet. — Material:  12305,  one  ilium.  Holman  (1971)  has  shown  that  ilia  of  several 
species  of  Rana  easily  can  be  separated  from  those  of  Rana  catesbeiana  by  the  more  gentle 
slope  of  the  posteriodorsal  border  of  the  ilial  crest  into  the  dorsal  acetabular  expansion.  In 
R.  catesbeiana,  the  slope  is  significantly  steeper.  The  ilial  crest  of  the  fossil  slopes  gently 
into  the  dorsal  acetabular  expansion  separating  it  from  R.  catesbeiana,  but  many  species  of 
Rana  are  difficult  to  identify  on  the  basis  of  osteological  material  (Chantell,  1971;  personal 
observation).  I  am  unable  to  separate  the  Fowlkes  Cave  ilium  from  those  of  Rana  pipiens, 
R.  blairi,  R.  palustris,  or  R.  berlandieri. 

Rana  berlandieri  and  R.  blairi  occur  today  in  Culberson  County  (Dixon,  1987)  where 
suitable  habitat  exists.  These  species,  as  well  as  other  members  of  the  genus,  tolerate  diverse 
microhabitats  but  require  surface  water  to  breed.  Surface  water  is  absent  in  the  hot,  dry 
habitat  in  the  vicinity  of  the  cave.  The  presence  of  Rana  in  the  paleofauna,  therefore, 
implies  water  and  moist,  grassy  areas  near  the  cave. 

Bufo  valliceps. — Material:  12306,  two  ilia.  The  ilia  of  Bufo  valliceps  and  the  fossils  may 
be  distinguished  from  those  of  B.  woodhousei,  B.  cognatus,  B.  speciosus,  B.  debilis,  and  B. 
punctatus  on  the  basis  of  (1)  a  low  dorsal  prominence  that  is  hooked  anteriorly  and 
deflected  laterally  (dorsal  prominence  much  higher  in  B.  cognatus  and  B.  speciosus,  and 
more  symetrical  and  positioned  more  parallel  to  the  long  axis  of  the  ilial  shaft  in  B. 
woodhousii  of  similar  size),  and  (2)  dorsal  acetabular  expansion  relatively  reduced  in  size 
(but  larger  than  in  B.  punctatus  and  B.  debilis). 

Today  Bufo  valliceps  is  typically  a  species  of  the  coastal  and  central  plains  and  ranges  no 
closer  to  Fowlkes  Cave  than  approximatley  150  kilometers  to  the  south-southeast  in 
Brewester  County  (Dixon,  1987), 

Bufo  woodhousei. — Material:  12307,  four  ilia.  Holman  (1978)  has  discussed  ilial 
characteristics  of  Bufo  woodhousei.  I  can  find  no  trenchant  differences  between  the  fossils 
and  small-  to  medium-sized  specimens  of  Recent  B.  woodhousei.  The  fossils  represent 
individuals  ranging  in  size  from  45  to  80  mm  snout-vent  length.  B.  woodhousei  australis 
occurs  today  in  Culberson  County  (Dixon,  1987)  in  riparian  or  grassland  habitats  of  the 
Rio  Grande  and  Pecos  rivers  (Conant,  1977). 

Remarks. — The  extensive  collection  of  late  Pleistocene  mammals  from  Fowlkes  Cave 
includes  boreal  taxa  such  as  Sorex  vagrans  and  S.  palustris,  as  well  as  those  typical  of  the 
current  arid  desert  (Dalquest  and  Stangl,  1984).  This  mixed  mammalian  fauna  led  Dalquest 
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and  Stangl  (1984)  to  suggest  the  following  ecological  reconstruction  for  the  cave  area. 
Meltwater  streams  drained  the  Guadalupe  Mountains  100  kilometers  to  the  north,  providing 
cool  riparian  meadows  and  thickets  adjacent  to  which  was  desert  habitat  like  that  occurring 
today.  The  species  diversity  of  fossil  anurans  from  the  cave  is  too  low  to  support  or  reject 
this  reconstruction.  Nevertheless,  only  in  Brewester  County  do  all  three  Fowlkes  Cave 
species  occur  sympatrically  today.  I  believe  this  strongly  suggests  at  least  running  or 
standing  water  near  the  cave  during  the  time  of  deposition,  both  of  which  are  absent  today. 

I  sincerely  thank  Tom  Van  Devender  and  George  Bradley  for  help  with  the  identification 
of  the  fossils.  For  constructive  comments,  I  thank  Walter  Dalquest,  Fred  Stangl,  J.  Alan 
Holman,  and  Julie  Parmley.  1  thank  Norman  Horner  who  granted  me  free  access  to  MSU 
facilities. 
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VEGETATION  OF  A  WET  CREEK  BOTTOM  SITE  IN  EASTERN  TEXAS 

Elray  S.  Nixon  and  John  R.  Ward 
Stephen  F  Austin  State  University,  Nacogdoches,  Texas  75962, 
and  Texas  Water  Commission,  4301  Center  Street,  Deer  Park,  Texas  77536. 

Recently,  Nixon  (1985)  classified  the  woody  vegetation  of  eastern  Texas  into  dry  upland, 
mesic  upland,  mesic  creek  bottom,  wet  creek  bottom,  pitcher  plant  bog  and  seepage,  river 
bottom,  and  swamp  communities.  Of  these,  the  least  studied  are  those  communities  of  wet 
creek  bottoms.  These  rather  flat  creek  bottom  sites  are  unique  because  soils  are  saturated 
during  most  of  the  year.  Springs  and  seepages  are  common  along  the  margin.  Ecotones  are 
sharp  resulting  in  specialized  communities  that  are  distinct  from  those  communities  on 
adjacent  slopes. 

There  is  a  paucity  of  information  concerning  these  interesting  systems.  A  greater 
knowledge  of  compositional  diversity  both  within  and  between  these  wet  site  communities  is 
important  to  better  understand  the  role  they  play  in  nature.  Thus  we  sampled  a  wet  creek 
bottom  community  including  both  herbaceous  and  woody  vascular  plants. 
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The  study  area  was  located  at  the  beginning  of  Trout  Creek  in  Jasper  County,  Texas. 
Trout  Creek  is  initiated  by  springs  and  seepages  in  association  with  a  rather  flat  area 
approximately  150  meters  long  and  35  meters  wide,  tapering  slightly  at  both  ends.  Adjacent 
slopes  ranged  to  about  20  percent.  These  sandy  slopes  and  uplands  contained  a  forested 
community  composed  primarily  of  longleaf  pine  {Pinus  palustris)  and  loblolly  pine  {Pinus 
taeda)  associated  with  scattered  trees  and  post  {Quercus  stellata)  and  blackjack  {Q. 
marilandica)  oak. 

A  compass  line  was  established  through  the  center  of  the  study  area  parallel  with  the  long 
axis.  We  used  the  plot  method  to  analyze  the  woody  vegetation.  Quadrats  were  five  by  five 
meters  in  size  and  positioned  parallel  with  the  compass  line  in  belt  transects.  Twenty-five 
quadrats  were  analyzed  on  each  side  of  the  line  resulting  in  a  total  of  50  quadrats. 
Frequency,  density  and  basal  area  data  were  obtained  for  woody  plants  having  diameters 
equal  to  or  greater  than  one-half  centimeter  at  one  and  four-tenths  meters  above  ground. 
To  determine  the  kinds  of  herbaceous  species  present  on  the  study  site,  plants  were  collected 
every  two  weeks,  as  they  flowered,  during  the  period  from  March  through  October,  and 
later  identified.  Species  diversity  was  calculated  for  the  woody  component  of  the  community 
using  the  Shannon-Wiener  diversity  index.  Areal  species  richness,  defined  as  the  average 
number  of  woody  species  per  quadrat,  was  also  determined. 

A  soil  sample  was  collected  from  the  upper  15  centimeters  of  soil  near  the  center  of  the 
study  site  and  analyzed  by  the  Stephen  F.  Austin  Soil  Testing  Lab.  Texturally  the  soil  was  a 
sandy  clay  loam  and  contained  7.4  percent  organic  matter.  Using  atomic  absorption 
spectrophotometry,  the  soil  contained  six,  15,  308,  and  31  parts  per  million  of  phosphorus, 
potassium,  calcium,  and  magnesium,  respectively.  The  pH  was  5.0.  This  soil  is  similar  to 
those  of  pitcher  plant  bogs  in  eastern  Texas  (Nixon  and  Ward  1986). 

Twenty-eight  woody  species  were  noted  on  the  study  site  with  23  being  recorded  in  plots 
(Table  1).  There  was  an  average  of  5.68  species  per  five-by-five  meter  plot  (areal  species 
richness)  and  an  average  of  10.74  plants  per  plot.  There  were  4296  plants  per  hectare. 
Sweetbay  magnolia  {Magnolia  virginiana),  red  bay  {Persea  borbonia),  waxmyrtle  {Myrica 
heterophylla),  and  Arkansas  blueberry  {Vaccinium  arkansanum)  had  the  greatest  density 
(Table  1).  Sweetbay  magnolia  was  the  overwhelming  dominant  in  regard  to  basal  area 
(Table  1). 

Stressful  environments  such  as  wet  creek  bottoms  generally  have  lower  species  diversity 
(Barbour  et  al.,  1980).  This  hypothesis  was  substantiated  at  Trout  Creek  in  regard  to  the 
tree  component  which  displayed  a  species  diversity  of  2.00.  These  bottoms,  however,  usually 
display  a  well  defined,  dense  shrub  layer.  The  diversity  index  for  the  shrub  layer  was  2.95. 
The  index  was  more  a  result  of  evenness  (0.854)  than  richness.  Only  1 1  shrub  species  were 
present.  The  combined  tree  and  shrub  diversity  index  was  3.64.  The  diversity  index  for  a 
wet  creek  bottom  site  on  Prairie  Creek  in  East  Texas,  which  included  both  trees  and  shrubs, 
was  3.95. 

Dominant  overstory  species  at  Trout  Creek,  based  on  basal  area,  were  sweetbay 
magnolia,  red  bay  and  red  maple  {Acer  rubrum)  (Table  1).  Sweetbay  magnolia  ranged  to  20 
meters  tall  and  red  bay  to  15  meters  tall.  Because  of  the  overwhelming  importance  of 
sweetbay  magnolia,  this  community  could  be  referred  to  as  a  sweetbay  magnolia 
community.  At  the  inception  of  Prairie  Creek  in  eastern  Texas,  blackgum  {Nyssa  sylvatica) 
and  sweetbay  magnolia  were  dominant  overstory  species  (Nixon  et  al.,  1983).  Although 
sweetbay  magnolia  was  the  primary  overstory  species  in  our  study,  blackgum  was  of  minor 
importance.  On  the  other  hand,  blackgum  was  the  principal  component  of  a  baygall 
community  in  the  Roy  E.  Larsen  Sandylands  Sanctuary  in  the  Big  Thicket  of  eastern  Texas 
(Matos  and  Rudolph,  1985).  Of  additional  interest  is  the  similarity,  of  woody  vegetation, 
between  wet  creek  bottom  and  pitcher  plant  bog  sites.  The  more  commonly  encountered 
trees  on  six  bog  sites  were  red  maple,  sweetbay  magnolia  and  red  bay  (Nixon  and  Ward, 
1986). 
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Table  1.  Frequency,  density  and  basal  area  data  for  woody  plant  species,  and  a  list  of 
herbaceous  plant  species,  associated  with  the  study  site  at  Trout  Creek. 


Species 

Percent 

frequency 

Density 

plants  per  hectare 

Basal  area 
m^  per  hectare 

Importance 

value' 

Magnolia  virginiana 

78 

704 

31.39 

105.3 

Persea  borbonia 

80 

888 

4.99 

47.0 

Myrica  heterophylla 

52 

496 

0.06 

21.0 

Vaccinium  arkansanum 

60 

392 

0.06 

20.1 

Acer  rubrum 

36 

160 

1.89 

14.7 

Ilex  coriacea 

30 

336 

0.09 

13.4 

'Sum  of  relative  frequency,  relative  density,  and  relative  basal  area. 

Other  woody  species  present  in  plots  listed  in  order  of  decreasing  importance  values; 
Smilax  laurifolia  (10.4),  Ilex  opaca  (10.3),  Alnus  serrulata  (8.3),  Rhus  vernix  (7.9),  Lyonia 
ligustrina  (7.4),  Pinus  taeda  (7.2),  Rhododendron  sp.  (7.2),  Callicarpa  americana  (6.6),  Vitis 
rotundifolia  (2.6),  Liquidambar  styraciflua  (2.30,  Viburnum  nudum  (2.0),  Nyssa  sylvatica 
(2.0),  Juglans  nigra  (1.7),  Myrica  cerifera  (1.1),  Quercus  falcata  (0.6),  Ilex  vomitoria  (0.6), 
Quercus  nigra  (0.6). 

Woody  species  present  but  not  recorded  in  plots:  Ascyrum  hypericoides,  Ascyrum  stans, 
Itea  virginica,  Pyrus  arbutifolia,  Rubus  sp. 

Herbaceous  species  present:  Apteria  aphylla,  Arisaema  triphyllum,  Athyrium  felix-femina, 
Burmannia  biflora,  Carex  debilis,  C.  folliculata  var.  australis,  C.  glaucescens,  C.  leptalea, 
Centella  asiatica,  Chasmanthium  laxum,  Cynoctonum  sessilifolium,  Dichanthelium  commut- 
atum,  D.  ensifolium,  Eleocharis  tuberculosa,  Eriocaulon  decangulare,  E.  texensis, 
Eupatorium  fistulosum,  E.  rotundifolium,  Habenaria  ciliaris,  H.  clavellata,  Hyptis  alata, 
Liatris  pycnostachya.  Lobelia  reverchonii,  Lorinseria  areolata,  Mayaca  aubletii,  Mitchella 
repens,  Onoclea  sensibilis,  Osmunda  cinnamomea,  Pinguicula  pumila,  Rhexia  mariana, 
Rhynchospora  capitellata,  R.  glomerata,  R.  mixta,  Schizachyrium  tenerum,  Viola 
primulifolia. 


Similarities  between  bog  and  wet  creek  bottom  sites  also  exist  in  regard  to  shrub 
composition.  Prevalent  shrubs  at  Trout  Creek  were  waxmyrtle,  Arkansas  blueberry,  and 
baygall  holly  {Ilex  coriacea).  All  of  the  pitcher  plant  bog  shrub  species  with  presence  values 
greater  than  80%  that  were  listed  by  Nixon  and  Ward  (1986)  were  present  on  the  Trout 
Creek  study  site.  Shrub  importance  in  other  wet  creek  bottom  communities  varied 
somewhat  from  that  of  the  Trout  Creek  community.  American  cyrilla  {Cyrilla  racemiflora), 
southern  waxmyrtle  {Myrica  cerifera),  and  baygall  holly  were  important  members  of  a 
baygall  community  in  the  Roy  E.  Larsen  Sandyland  Sanctuary  (Matos  and  Rudolph,  1985), 
whereas  common  elderberry  {Sambucus  canadensis),  smooth  alder  {Alnus  serrulata),  and 
Arkansas  blueberry  were  common  at  the  wet  creek  branch  studied  by  Nixon  et  al.,  (1980). 
The  shrub  layer  at  Prairie  Creek  (Nixon  et  al.,  1983)  was  composed  primarily  of  hoary 
azalea  {Rhododendron  canescens),  Arkansas  blueberry,  and  smooth  alder. 

The  most  frequently  encountered  woody  vine  at  Trout  Creek  was  laurel  greenbrier 
{Smilax  laurifolia).  This  was  also  the  case  at  the  wet  creek  branch  in  Nacogdoches  County 
(Nixon  et  al.,  1980),  the  wet  site  at  Prairie  Creek  (Nixon  et  al.,  1983),  and  at  the  pitcher 
plant  bogs  studied  by  Nixon  and  Ward  (1986). 

Thirty-five  herbaceous  species  were  recorded  at  the  upper  Trout  Creek  study  site  (Table 
1).  All  occur,  to  one  degree  or  another,  in  eastern  Texas  pitcher  plant  bogs.  Eleven  of  these 
species  had  presence  values  greater  than  80  percent  in  the  bogs  studied  by  Nixon  and  Ward 
(1986).  Four  ferns  inhabited  the  Trout  Creek  wet  site  (Table  1).  These  were  the  lady  fern 
{Athyrium  filix-femina),  chain  fern  {Lorinseria  areolata),  sensitive  fern  {Onoclea  sensibilis). 
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and  cinnamon  fern  {Osmunda  cinnamomea).  Of  the  remaining  31  herbaceous  flowering 
species,  most  (26  percent)  belong  to  the  sedge  (Cyperaceae)  family  (Table  1).  Thirteen 
percent  were  grasses  (Poaceae)  and  10  percent  were  composites  (Asteraceae).  Other  families 
were  represented  by  only  one  or  two  species.  Overall,  the  number  of  taxa  at  Trout  Creek  is 
generally  less  than  one-half  that  of  bog  sites  (Nixon  and  Ward,  1986).  The  shaded  creek 
bottom  is  much  less  favorable  to  the  growth  of  herbaceous  heliophytes  than  are  open  bog 
sites. 
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AN  UNUSUAL  BLUE  CATFISH,  ICTALURUS  FURCATUS 
(SILURIFORMES:  ICTALURIDAE),  FROM  ARKANSAS 

Chris  T.  McAllister  and  James  T.  McAllister,  Jr, 

Renal- Metabolic  Laboratory  (151-G),  Veterans  Administration  Medical  Center,  4500  S. 
Lancaster  Road,  Dallas,  Texas  75216,  and  Department  of  Biological  Sciences,  North  Texas 
State  University,  Denton,  Texas  76203,  and  Arkansas  Rehabilitation  Service,  712  West  3rd 
Street,  Little  Rock,  Arkansas  72203 

Numerous  fishes  have  been  described  as  having  various  forms  of  skeletal  and  structural 
aberrations  (see  especially  Dawson,  1964,  1966,  1971;  Dawson  and  Heal,  1976).  The  purpose 
of  this  note  is  to  report,  for  the  first  time,  a  serious  yet  unexplained  fin  anomaly  in  a  blue 
catfish,  Ictalurus  furcatus  (Lesueur),  from  Arkansas. 

On  30  August  1987,  one  of  us  (JTM)  caught  an  unusual  looking  specimen  of  I.  furcatus 
on  a  trot-line  in  Conway  County,  Arkansas,  16.1  km.  N  Morrilton  at  Lake  Overcup  (T.7  N, 
R.  16  W,  sec.  32).  The  specimen,  an  adult  male  (standard  length,  47.5  centimeters;  weight, 
3.3  kilograms)  lacked  a  caudal  peduncle  and  fin  (Fig.  1).  Except  for  an  extremely  elongated 
and  upturned  anal  fin  margin  (30  anal  fin  rays),  the  fish  appeared  otherwise  normal  and 
healthy  (that  is,  large  abdominal  fat  bodies  present).  No  scars  were  evident  near  the 
anomaly  nor  elsewhere.  Radiography  revealed  loss  of  the  antepenultimate  and  penultimate 
centra,  urocentrum,  and  hypurals  (Fig,  2). 

It  is  not  known  if  the  anomaly  was  congenital  or  due  to  mechanical  or  predatory  injury. 
The  failure  of  one  or  more  fins  to  appear  obviously  would  not  favor  long-term  survival, 
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Figure  1.  Anomalous  blue  catfish  with  missing  caudal  fin. 


although  this  fish  was  estimated  to  be  more  than  three  years  old.  On  the  other  hand,  that 
the  catfish  could  have  survived  a  major  injury  would  have  been  remarkable  considering  the 
degree  of  blood  loss,  susceptibility  to  bacterial  infection  and  protozoan  parasites,  and 
general  nerve  or  tissue  damage,  or  both.  Finally,  the  general  good  condition  of  this 
individual  indicated  that  it  could  efficiently  feed  and  capture  prey,  even  with  the  anomaly. 

The  specimen  is  deposited  in  the  Texas  Cooperative  Wildlife  Collection  (TCWC  6667.1). 
We  thank  T.  Harrell  for  the  radiograph,  N.  Gray  for  photographing  the  fish,  and  M.  E. 


Figure  2.  Radiograph  of  same  specimen  showing  absence  of  caudal  and  terminal  vertebrae 
(arrow). 
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Retzer  for  curatorial  assistance.  The  reviews  of  two  anonymous  referees  improved  the 
manuscript. 
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TAPIR  AND  ASSOCIATED  PLEISTOCENE  MAMMALS  FROM 
ARCHER  COUNTY,  TEXAS 

Julie  A.  Kitchens 

Department  of  Biology,  Midwestern  State  University,  Wichita  Falls,  Texas  76308 

In  the  1960s,  the  city  of  Wichita  Falls  opened  a  gravel  quarry  on  the  north  side  of  Lake 
Kickapoo,  a  city  water  reservoir,  to  obtain  road-surfacing  material.  The  gravel  is  a  mixture 
of  angular  fragments  of  Permian  shale  and  sandstone  from  the  local  bedrock,  mixed  with 
pebbles  of  quartzose  residue  of  alluvium  from  the  High  Plains  to  the  west.  It  is  of  only  fair 
commercial  quality  but  excavations  now  extend  over  an  area  of  several  hectares. 

About  1970,  W.  W.  Dalquest  examined  the  quarry,  then  only  about  100  meters  square  in 
size,  and  discovered  fragments  of  Pleistocene  mammal  bones.  The  original  quarry  since  has 
been  revisited,  as  opportunity  offered,  and  a  small  but  interesting  Pleistocene  mammalian 
fauna  assembled. 

The  gravel  is  stratified  and,  in  places,  strongly  cross-bedded,  often  cemented.  Some  multi¬ 
ton  blocks  have  been  pushed  aside  in  excavation  rather  than  crushed  for  use.  Fossils  are 
fragmentary,  mostly  chips  and  bits  of  unrecognizable  bone.  Some  larger  bone  fragments  are 
partly  enclosed  in  the  indurated  matrix  and  could  be  removed  only  with  difficulty.  Fossils 
seem  to  occur  only  in  the  one-acre  original  quarry  pit  as  searching  failed  to  reveal  fossils 
elsewhere  in  the  quarry. 

Isolated  gravel  deposits  to  the  east  of  the  High  Plains  of  Texas  often  are  considered  parts 
of  the  Seymour  Formation  of  Cummins  (1893),  but  it  is  probable  that  many  of  them  are 
not,  A  search  of  the  Lake  Kickapoo  quarry  for  a  vertebrate  microfauna  was  made  to 
determine  the  age  of  the  sediments  and  possible  relationship  to  the  Seymour  Formation. 

One  thousand  pounds  of  sandy,  gray,  marly  deposit  at  the  edge  of  the  original  quarry  pit 
proved  barren  of  microvertebrates  of  Pleistocene  age.  Screening  the  larger  pebbles  and 
cobbles  from  the  vertical  wall  of  cross-bedded  gravels  yielded  approximately  1000  pounds  of 
finer  gravel.  This  was  processed  through  quarter-inch  hail  screen  and  yielded  125  kilograms 
of  concentrate,  which  was  sorted  under  jeweler’s  lenses  to  obtain  the  small  mammals  here 
listed. 

Identification  of  several  species  is  provisional  and  for  others  uncertain.  However,  the 
tapir  tooth  is  relatively  small,  and  the  enamel  of  mammoth  teeth  relatively  thin,  indicating 
post-Irvingtonian  age.  The  Oryzomys  cf.  fossilis  tooth  suggests  mid-Wisconsin  (not  earlier 
than  Sangamon)  age.  The  absence  of  Bison  remains  suggests  early  (pre-Rancholabrean) 
Pleistocene  age  but  the  total  collection  of  fossils  is  so  small  that  the  absence  of  Bison  may 
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be  discounted  as  due  to  sampling  error.  In  the  accounts  that  follow,  catalogue  numbers 
pertain  to  the  Midwestern  State  University  Collection  of  Fossil  Vertebrates. 


List  of  Species 


Glossotherium  sp. 

Sylvilagus  sp. 

Spermophilus  sp. 

Cynomys  ludovicianus  (Ord) 
Geomys  bursarius  (Shaw) 
Perognathus  cf.  JJavus  Baird 
Oryzomys  cf.  fossilis  Hibbard 
Neotoma  sp. 


Microtus  or  Pitymys  sp. 

Mammut  sp 

Mammuthus  cf.  columbi  (Falconer) 
Tapirus  veroensis  Sellards 
Equus  cf.  excelsus  Leidy 
Equus  cf.  conversidens  Owen 
Platyqonus  sp 
Camelops  sp. 


Accounts  of  Selected  Species 


Glossotherium  sp. — A  fragment  of  hyoid  (12289)  resembles  that  of  Glossotherium  harlani 
(Owen)  as  figured  by  Stock  (1925).  Although  the  specimen  cannot  be  identified  to  species,  it 
is  certainly  that  of  a  ground  sloth. 

Cynomys  ludovicianus  (Ord). — A  fragment  of  lower  jaw  contains  the  three  molars  (12296) 
and  is  still  partly  imbedded  in  hard,  calcareous  matrix.  An  incomplete  isolated  lower  m3 
(12404)  also  was  found.  The  molars  all  show  characters  of  the  black-tail  prairie  dog. 

Geomys  bursarius  (Shaw).— More  remains  of  pocket  gophers  were  recovered  than  those 
of  any  other  species  of  small  mammal.  There  is  a  partial  lower  jaw,  with  m2  and  m3 
(12297)  still  partly  enclosed  in  hard  conglomerate,  and  two  lower  p4’s  were  washed  from  the 
matrix  (12405).  The  teeth  closely  resemble  those  of  Geomys  bursarius  found  in  the  general 
area  today.  The  premolars  have  narrowly  U-shaped,  parallel-sided  re-entrants,  different 
from  the  converging,  V-shaped  re-entrants  of  the  premolars  of  G.  tobinensis  of  the  Gilliland 
local  fauna  of  the  Seymour  Formation. 

Perognathus  cf.  flavus  Baird. — The  silky  pocket  mouse  is  included  in  the  fauna  on  the 
basis  of  an  upper  incisor  (12406).  The  size  of  the  tooth  and  size  and  shape  of  the  groove  are 
characteristic  of  this  taxon. 

Oryzomys  cf.  fossilis  Hibbard. — The  fossil  (12401)  is  the  anterior  part  (trigonid)  of  a 
lower  ml  with  a  portion  of  the  body  of  the  tooth  and  one  re-entrant  angle.  The 
anterointernal  enamel  lake  is  distinct.  Most  of  the  anterolabial  re-entrant  is  present  as  well 
as  the  base  of  the  underlying  root.  The  size  and  structure,  especially  the  enamel-bordered 
lake,  is  sufficient  to  establish  the  identity  of  the  tooth  as  Oryzomys.  There  are  a  few  records 
of  rice  rats  from  the  Pleistocene  of  the  southern  Great  Plains  (Kurten  and  Anderson,  1960). 
Hibbard  (1955)  named  O.  fossilis  from  the  Jinglebob  local  fauna  of  Kansas.  Dalquest  (1965) 
and  Dalquest  et  al.  (1969)  reported  specimens  from  Hardeman  and  Kerr  counties, 
respectively,  in  Texas.  Most  fossil  records  of  O.  fossilis  or  O.  palustris  are  from  within  the 
present-day  range  of  O.  palustris  (Harlin).  Dalquest  (1965)  considered  O.  fossilis  a 
subspecies  of  O.  palustris  but  Kurten  and  Anderson  (1960)  placed  the  name  in  the 
synonymy  of  O.  palustris.  Kurten  and  Anderson  (1960)  noted  that  all  North  American 
Pleistocene  records  of  O.  palustris  are  Illinoian,  Sangamon,  or  Wisconsin  in  age. 

Microtus  or  Pitymys  sp. — Several  fragments  of  vole  teeth  (12402),  none  complete,  were 
found.  One  appears  to  be  the  anterior  part  of  a  lower  first  molar,  with  the  anteroconid  and 
part  of  the  anterior  triangle  present,  but  not  enough  of  it  is  present  to  determine  if  the 
anterior  triangles  were  confluent  as  in  Pitymys,  or  closed  as  in  Microtus. 

Mammut  sp. — A  small  fragment  of  polished  enamel  (12301)  is  6.1  mm  thick  and  is  clearly 
from  the  tooth  of  a  mastodon.  This  is  the  only  record  of  a  late  Pleistocene  mastodon  from 
this  part  of  Texas. 

Mammuthus  cf.  columbi  (Falconer). — Several  scraps  of  mammoth  tooth  were  found 
along  with  fragments  of  large  bones  that  are  probably  mammoth.  Two  fragments  of  tooth 
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plates  (12299,  12300)  have  the  enamel  quite  thin,  suggesting  a  late  species  such  as 
Mammuthus  columbi.  The  enamel  is  much  thinner  than  enamel  of  teeth  of  M.  imperator 
(Leidy)  from  the  Gilliland  local  fauna,  Seymour  Formation. 

Tapirus  veroemis  Sellards, — This  extinct  tapir  is  represented  by  an  almost  complete  lower 
m2  (12294)  that  measures:  greatest  length,  26.5  mm;  breadth  of  narrow,  posterior  loph,  18.3 
mm.  A  bit  of  enamel  is  missing  from  the  anterior  loph,  preventing  accurate  measurement. 
The  tooth  is  within  the  size  range  of  Tapirus  veroensis  reported  by  Lundelius  (1972)  and 
distinctly  smaller  than  the  m2  of  a  T  haysii  Leidy  of  the  Holloman  local  fauna  of 
Oklahoma,  a  contemporary  of  the  Gilliland  local  fauna,  Seymour  Formation,  of  Texas.  T 
haysii  comes  from  older,  Irvingtonian  local  faunas  and  T  veroensis  from  younger, 
Rancholabrean  local  faunas. 

Equus  cf.  excelsus  Leidy. — A  medium-sized  horse  represented  by  four  more-or-less 
fragmentary  teeth — an  upper  third  molar  (4754),  two  lower  molars  or  premolars  (12291, 
12292),  and  a  lower  molar  (4616).  The  upper  molar  has  an  elongated,  flattened  protocone 
and  moderately  complicated  enamel.  In  size  and  characters,  these  teeth  compare  well  with 
many  medium-sized  caballine  horses. 

Equus  conversidens  (Owen). — A  complete  but  rather  heavily  abraided  calcaneum  (12290) 
is  too  small  to  belong  to  Equus  excelsus  but  matches  closely  the  calcaneum  of  specimens  of 
Equus  conversidens  from  Aguascalientes,  Mexico  (Mooser  and  Dalquest,  1975),  and  the 
Slaton  Quarry  of  Texas  (Dalquest,  1967). 

Conclusion 

The  Pleistocene  local  fauna  of  Lake  Kickapoo  is  of  Rancholabrean  age  and  younger  than 
the  Seymour  Formation.  Ground  sloth,  rice  rat,  and  tapir  suggest  a  warm,  and  probably 
interstadial,  climate.  Prairie  dog  indicates  that  grasslands  were  nearby.  The  presence  of 
Oryzomys  fossilis,  Mammut  sp.,  and  Tapirus  veroensis  mark  minor  extensions  of 
geographic  range  of  these  Pleistocene  species. 

Acknowledgments 

I  am  indebted  to  Walter  W.  Dalquest  for  his  guidance  throughout  the  project  and  for  his 
critical  review  of  this  manuscript.  I  thank  Donna  R.  Griffin  for  help  in  gathering  matrix 
and  appreciate  the  critical  review  of  the  manuscript  offered  by  Frederick  B.  Stangl,  Jr.,  and 
Rose  M.  Carpenter.  An  earlier  version  of  this  paper  was  submitted  as  part  of  a  thesis  to 
Midwestern  State  University  in  partial  fulfillment  of  the  requirements  for  the  Master  of 
Science  degree. 


Literature  Cited 

Cummins,  W.  F  1893.  Notes  on  the  geology  of  northwest  Texas.  Texas  Geol.  Surv.,  4th 
Ann.  Rept.,  pp.  179-238. 

Dalquest,  W.  W.  1965.  New  Pleistocene  formation  and  local  fauna  from  Hardeman  County, 
Texas.  J.  Paleo.,  39:63-79. 

- .  1967.  Mammals  of  the  Pleistocene  Slaton  local  fauna  of  Texas.  Southwestern  Nat., 

12:1-30. 

Dalquest,  W.  W.,  E.  L.  Roth,  and  F.  W.  Judd.  1969.  The  mammal  fauna  of  Schulze  Cave, 
Edwards  County,  Texas,  Bull.  Florida  State  Mus.,  13:205-276. 

Hibbard,  C.  W.  1955,  The  Jinglebob  interglacial  (Sangamon)  fauna  from  Kansas  and  its 
climatic  significance.  Contrib.  Mus.  Paleo.,  Univ.  Michigan,  12:47-96. 

Kurten,  B.,  and  E.  Anderson.  1960.  Pleistocene  mammals  of  North  America.  Columbia 
Univ.  Press,  New  York,  442  pp. 

Lundelius,  E.  L.,  Jr.  1972.  Fossil  vertebrates  from  the  late  Pleistocene  Ingleside  fauna,  San 
Patricio  County,  Texas,  Univ.  Texas  Bur.  Econ.  Geol.  Invest.,  77:1-74. 


366 


THE  TEXAS  JOURNAL  OF  SCIENCE— VOL.  40,  NO.  3,  1988 


Mooser,  O.,  and  W.  W.  Dalquest.  1975.  Pleistocene  mammals  from  Aguascalientes,  central 
Mexico.  J.  Mamm.,  56:781-820. 

Stock,  C.  1925.  Cenozoic  gravigrade  edendates  of  western  North  America  with  special 
reference  to  the  Pleistocene  Megalonychinae  and  Mylodontidae  of  Rancho  La  Brea. 
Publ.  Carnegie  Inst.  Washington,  331:1-206. 


DISTRIBUTION  OF  THE  FRINGED  MYOTIS,  MYOTIS  THYSANODES, 
IN  BAJA  CALIFORNIA  NORTE 

J.  Knox  Jones,  Jr.,  and  Richard  W.  Manning 
The  Museum  and  Department  of  Biological  Sciences,  Texas  Tech  University, 

Lubbock,  Texas  79409 

The  distribution  of  the  fringed  myotis,  Myotis  thysanodes,  in  the  northern  part  of  the 
Baja  California  Peninsula  has  not  been  well  documented.  Hall  (1981)  mapped  the  species  as 
occurring  in  the  northernmost  part  of  that  region,  but  listed  no  records.  Similarly,  O’Farrell 
and  Studier  (1980)  mapped  M.  thysanodes  as  distributed  in  northernmost  Baja  California 
Norte,  but  mentioned  no  authority  for  doing  so.  Actually,  the  only  published  record  of  this 
bat  from  Baja  California  was  provided  by  Huey  (1964),  based  on  a  single  specimen  in  the 
San  Diego  Museum  of  Natural  History  from  El  Fenomeno  mine  in  the  Sierra  Juarez. 

Material  housed  in  the  Museum  of  Vertebrate  Zoology  at  the  University  of  California 
establishes  the  occurrence  of  M.  thysanodes  southward  in  Baja  California  Norte  to  at  least 
31°N  latitude.  We  have  examined  representative  specimens  (MVZ  numbers  in  parentheses), 
all  referable  to  the  subspecies  Myotis  thysanodes  thysanodes  Miller,  1897,  from:  Mina  La 
Republica,  31°51'N,  116°04'W,  4000  ft.  (112612-13);  San  Antonio  mine,  10  mi.  SE  San 
Jose,  4300  ft.  (112646);  La  Grulla,  Sierra  San  Pedro  Martir,  6700  ft.  (112609,  112611). 
Probably  the  species  occurs  even  farther  southward  on  the  peninsula  in  arid  montane 
habitats. 

We  are  indebted  to  James  L.  Patton  and  Barbara  R.  Stein  of  the  Museum  of  Vertebrate 
Zoology  for  loan  of  specimens  here  reported. 
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Abstract. — Parasites,  excluding  protozoans,  recovered  from  the  cotton  rat  {Signodon 
hispidus)  in  eastern  New  Mexico  are  reported.  Discussions  are  presented  on  host  biology 
and  biology  of  the  cotton  rat  louse.  Finally,  an  annotated  bibliographical  listing  of  all 
reported  naturally  occurring  parasites  of  the  cotton  rat  is  included.  Key  words:  cotton  rat 
{Sigmodon)\  cotton  rat  louse  {Hoplopleura)\  parasites;  bibliography;  annotated  host  list. 

The  hispid  cotton  rat  (Sigmodon  hispidus)  occupies  a  large  geographic 
range  that  extends  from  the  southeastern  United  States  through  much  of 
Mexico  and  Central  America  (Hall,  1981).  Because  it  is  one  of  the  more 
commonly  occurring  and  easily  trapped  species,  it  has  been  the  subject  of 
many  scientific  studies. 

Presently,  there  are  in  excess  of  200  species  of  parasites  recorded  from 
this  host.  Of  these,  one  protozoan  (Trypanosoma  cruzi — Zarate  et  al., 
1980),  one  tapeworm  (Hymenolepis  diminuta — Faust  et  al.,  1974),  one 
roundworm  (Angiostrongylus  costaricensis — Morera  1970,  1973;  Morera 
and  Cespedes,  1971),  12  fleas  (see  table  7.2  in  Pratt  and  Wiseman,  1962), 
and  one  tick  (Dermacentor  variabilis — Faust  et  al.,  1974)  are  species  of 
medical  importance.  Moreover,  the  cotton  rat  has  been  implicated  as  a 
threat  to  the  eggs  of  ground  nesting  birds  and  also  as  a  competitor  for 
game  foods  (Komarek,  1937). 

The  most  recent  attempt  to  gather  literature  regarding  the  parasites  of 
this  host  was  by  Kinsella  (1974).  He  presented  a  checklist  of  helminths 
that  included  31  species.  Our  purposes  in  writing  this  paper  were  to 
present  1)  a  complete  account  of  helminth  and  ectoparasites  of  the  cotton 
rat  from  eastern  New  Mexico,  2)  a  discussion  of  the  population  biology 
of  the  cotton  rat  louse  (Hoplopleura  hirsuta)  in  New  Mexico,  and  3)  a 
comprehensive  bibliographic  list  of  all  parasites  from  this  host. 

Materials  and  Methods 

We  trapped  218  N.  hispidus  on  20  hectares  of  ungrazed  mesquite  grassland  about  10  km. 
ESE  Portales,  Roosevelt  Co.,  New  Mexico.  Trapping  began  on  26  September  1981  and 
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continued  every  two  weeks  through  11  September  1982.  One  hundred  Sherman  live  traps, 
baited  with  a  sprinkling  of  rolled  oats,  were  set  10  meters  apart  in  a  straight  line.  Alternate 
trap  lines  ran  in  opposite  directions  from  northeast  to  southwest  during  one  trapping  period 
and  from  northwest  to  southeast  during  the  next.  Traps  were  set  on  Friday  evenings  at 
about  1700  hours  and  collected  about  0700  hours  the  following  morning.  Hosts  were  kept 
isolated  and  returned  live  to  the  laboratory,  where  they  were  subsequently  placed 
individually  in  a  3.8-liter  (one-gallon)  ziplock  plastic  bags  containing  a  small  wad  of  cotton 
soaked  in  chloroform.  Euthanized  hosts  were  then  frozen. 

Hosts  later  were  skinned  and  the  skins  dissolved  in  10  percent  KOH  for  about  24  hours 
at  room  temperature.  The  solution  was  then  strained  through  a  series  of  sieving  screens 
ranging  in  opening  size  from  850  to  212  yum.  A  stereomicroscope  was  used  to  recover  the 
ectoparasites  from  the  screens  and  all  were  stored  in  70  percent  ethanol.  Ectoparasites  were 
subjected  to  a  dehydrating  alcohol  series  of  70,  95,  and  100  percent  ethanol,  transferred  to  a 
mixture  of  cedarwood  oil  and  100  percent  ethanol,  and  mounted  in  euparal. 

Necropsy  was  done  with  the  aid  of  a  stereomicroscope.  All  body  cavities,  internal  organs, 
and  gastrointestinal  contents  were  examined.  Nematodes  were  placed  in  acetic  acid,  cleared 
in  a  70  percent  ethanol/ five  percent  glycerin  mixture  followed  by  pure  glycerin,  and  then 
stored  in  formalin-glycerin-alcohol  (EGA).  Cestodes  were  relaxed  in  cold  distilled  water, 
fixed  in  AFA,  stained  with  either  Semichon’s  aceto-carmine  or  Celestine  blue  B,  dehydrated 
with  absolute  ethanol,  cleared  in  methyl  salicylate,  and  mounted  in  Canada  balsam. 
Cysticerci  were  fixed  in  AFA,  cleared  in  methyl  salicylate,  and  stored  in  EGA. 
Representative  specimens  are  deposited  in  the  USNM  at  Beltsville,  Maryland  20705  (nos. 
78666-78675  and  79553-79560),  and  in  the  Eastern  New  Mexico  University  Medical  Zoology 
Collection  (nos.  1238-1501). 

Use  of  the  terms  prevalence  (number  of  hosts  infested  per  hosts  examined),  intensity 
(number  of  parasites  per  infested  host),  mean  intensity,  and  range  of  intensity  follow  the 
definitions  of  Margolis  et  al.  (1982).  Chi-square  test  was  used  to  analyze  host-parasite 
interactions. 


Results 

Anoplura 

Two  hundred  and  eighteen  hosts  (116  females  and  102  males),  taken  in 
all  months  except  October,  yielded  14,468  Hoplopleura  hirsuta  Ferris, 
which  represented  95  percent  of  all  ectoparasites.  This  parasite  reached  its 
greatest  densities  during  the  months  of  January  (84.6),  April  (106.2),  and 
June  (95.5),  with  lowest  mean  densities  occurring  in  February  (33.8), 
September  (13.7),  and  November  (23.5)  (Table  2). 

Definite  preference  for  host  sex  (X^  =  21.4,  1  df,  P  <  0.001)  was 
demonstrated  with  male  hosts  bearing  the  greater  mean  burden  (94.3)  as 
compared  to  a  mean  of  41.3  lice  on  females.  This  disparity  was  evident 
throughout  all  months  except  September  wherein  only  slight  mean 
differences  (Fig.  1)  were  evident  between  males  (14.8)  and  females  (13.2). 
The  greatest  deviation  of  means  in  host  sex  preference  occurred  during 
the  months  of  February  (males  64.5,  females  9.2),  April  (males  171.6, 
females  65.4),  May  (males  120.7,  females  46.1),  June  (males  147.4, 
females  54.1),  and  July  (males  64.9,  females  23.1)  (Fig.  1). 

In  addition  to  serving  as  the  preferred  host,  males  also  proved  to  be 
the  most  hospitable  host  for  male,  female,  and  immature  lice.  Annual 
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Figure  1.  Comparison  of  mean  densities  of  male  (m),  female  (f),  and  immature  (i) 
Hoplopleura  hirsuta  by  host  sex  and  month. 

mean  values  for  male  (31.1),  female  (31.8),  and  immature  (30.2)  lice  on 
male  hosts  were  not  significantly  different,  nor  were  there  significant 
differences  in  actual  numbers  of  the  different  life  stages  of  lice  on  the 
male  host  (X^  =  4.14,  2  df,  P  >  0.20).  Not  only  were  there  half  as  many 
lice  on  female  hosts  but  there  also  were  variations  in  mean  numbers  of 
males  (17.4),  females  (16.2),  and  immatures  (9.2)  on  female  hosts. 
Although  range  in  actual  numbers  of  all  lice  on  the  male  hosts  was  not 
meaningfully  different,  the  range  in  actual  numbers  on  female  hosts  was 
significantly  different  (X^  =  324.36,  2  df,  P  <  0.00001).  Also,  there  were 
no  significant  differences  in  percentages  of  male  (33.4),  female  (34.1),  and 
immature  (32.5)  lice  on  male  hosts  (X^  =  0.038,  2  df,  P  >  0.95),  which 
contrasts  with  the  significant  disparity  in  percentages  of  males  (40.7), 
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females  (38.9),  and  immatures  (21.4)  on  female  hosts  (X^  =  6.83,  2  df,  P  = 
<  0.05  >  0.01).  Moreover,  adult  lice  (6415)  outnumbered  immatures 
(3085)  on  male  hosts  yielding  a  ratio  of  two  adults  per  0.8  immatures  as 
compared  to  3905  adults  and  1063  immatures  and  a  significantly  higher 
ratio  (three  adults  per  0.67  immatures)  of  adult  lice  on  female  hosts. 

As  indicated  (Fig.  1),  with  the  exception  of  January  and  February, 
there  was  synchronous  monthly  fluctuation  in  mean  density  of  all  life 
stages  of  lice  on  male  hosts  throughout  the  year.  On  female  hosts  (Fig. 
1),  changes  in  mean  densities  of  male  and  female  lice  were  similar,  more 
so  than  on  male  hosts.  However,  fluctuation  in  densities  of  immatures  on 
female  hosts  was  more  erratic  and  nearly  always  existed  well  below 
comparable  means  of  the  adults;  the  exceptions  being  July  and  August. 
Figure  1  indicates  an  annual  bimodal  distribution  in  densities  of  lice.  The 
major  positive  demographic  change  occurred  during  the  months  March- 
July,  with  a  smaller  increase  occurring  during  December-January. 
Monthly  fluctuations  in  mean  densities  of  immatures,  on  both  sexes  of 
the  host,  exhibited  demographic  changes  similar  to  the  adults  except 
there  were  significantly  more  immatures  on  male  hosts  particularly  in 
April,  May,  and  June. 

Siphonaptera 

Fleas  were  the  third  most  abundant  group,  representing  one  percent 
(189/15,  103)  of  all  ectoparasites.  Even  though  fleas  were  not  an 
abundant  group  of  ectoparasites,  Orchopeas  leucopus  Baker  was  the 
species  of  flea  most  commonly  recovered  from  the  cotton  rat.  It 
constituted  95  percent  of  all  siphonapterans  recovered  and  reached  its 
peak  abundance  during  the  months  May-July.  Although  there  were  no 
significant  differences  in  mean  numbers  of  fleas  per  host  sex  per  month, 
there  were  significant  differences  in  host  sex  preference  on  an  annual 
basis.  The  female  flea  occurred  with  greater  frequency  on  the  male  (X^  = 
5.2,  1  df,  P  <  0.01)  and  female  (X^  =  7.8,  1  df,  P  <  0.01)  hosts  than  did 
the  male  flea.  The  female  flea  also  was  recovered  in  near  equivalent 
numbers  from  male  (63)  and  female  (56)  hosts.  Albeit  numbers  were  few, 
there  were  three  times  as  many  fleas  collected  from  male  hosts  than 
female  hosts  in  July. 

Euhoplopsyllus  glacialis  (Baker),  the  common  rabbit  flea,  was 
recovered  from  five  cotton  rats.  Two  of  the  hosts  were  females  that  were 
trapped  in  June  and  August,  whereas  male  hosts  also  were  trapped  in 
June  (one)  and  August  (two).  The  presence  of  this  flea  on  this  host  is 
considered  to  be  accidental  (Kim,  1985).  Two  Pleochaetis  exilis  Jordan 
were  recovered  from  hosts  of  opposite  sex  in  the  months  of  May  and 
December.  One  female  of  Thrassis  aridis  Prince  was  recovered  from  a 
female  host  in  June. 
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Acarina 

Mites  were  the  second  most  abundant  group  (three  percent,  502/15, 
103)  of  ectoparasites  and  were  most  prevalent  during  the  months  of  May 
through  September.  Androlaelaps  glasgowi  (Berlese)  v/as  the  most 
commonly  encountered  species,  representing  99  percent  (495/502)  of  the 
mites.  Males  were  the  preferred  hosts,  with  seven  male  and  282  female 
mites  (40:1  ratio)  as  compared  to  seven  male  and  199  female  mites  (28:1 
ratio)  on  female  hosts.  Host  sexual  preference  by  female  mites  toward 
male  hosts  was  statistically  significant  (X^  =  13.65,  1  df,  P  <  0.001). 

Mean  density  of  female  A.  glasgowi  on  male  hosts  exceeded  the  one 
percent  level  in  June  (1.5),  July  (8.05),  August  (3.3),  and  September 
(2.75).  Comparable  values  among  females  mites  on  female  hosts  also  were 
highest  during  June  (2.6),  July  (5.21),  August  (4.7),  and  September  (1.2). 
These  values  indicate  a  five-fold  increase  in  numbers  on  male  hosts  from 
June  to  July  followed  by  a  41  percent  decline  in  August  and  September. 
On  the  other  hand,  mean  densities  among  female  mites  on  female  hosts 
doubled  from  June  to  July  and  declined  by  10  percent  in  August.  A 
decline  (25  percent)  in  mean  number  of  lice  on  female  hosts  occurred  in 
September.  During  those  months  in  which  mean  values  of  female  mites 
on  male  and  female  hosts  were  compared,  they  were  never  synchronous 
but  were  alternately  high  or  low. 

The  three  remaining  species  of  mites  recovered  in  this  study  accounted 
for  a  total  of  seven  (one  percent)  specimens  (Table  2).  Three  specimens  of 
Macrocheles  sp.  were  recovered  from  separate  male  hosts  trapped  in  the 
months  of  May,  July,  and  September.  Mite  sexes  were  determined  to  be 
male,  immature,  and  female,  respectively,  for  the  foregoing  months.  Two 
Hypoaspis  sp.  females  were  recovered  from  two  female  cotton  rats 
trapped  in  July  and  August.  Two  female  Echinonyssus  hilli  (Jameson) 
were  taken  from  the  same  female  host  in  May. 

The  only  tick  species  present  on  the  cotton  rat  was  Dermacentor 
parumapertus  Neumann.  The  single  specimen  was  a  larva  recovered  from 
a  male  host  in  July. 

Dip  ter  a 

Both  dipleran  specimens  (Table  2)  were  first  instar  larvae  and  both 
were  found  in  tissues  adjacent  to  the  mediastinum.  The  cochliomyiid 
larva  had  entered  the  pleural  cavity  of  a  female  host,  whereas  the 
cuterebrid  larva  had  penetrated  the  pericardium  of  a  male  host  and  had 
migrated  a  short  distance  beneath  the  ventricular  epicardium.  The  female 
host  was  trapped  in  June  and  the  male  host  was  trapped  in  August. 

The  larvae  were  strikingly  different  in  shape  of  body,  cephalopharyn- 
geal  apparatus,  and  distribution  and  shape  of  spines.  Suitable  keys  to 
immature  dipterans  were  not  available,  and,  therefore,  larvae  were 
distinguished  solely  on  the  basis  of  illustrations  and  descriptions. 
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Table  1.  Parasites  of  Sigmodon  hispidus  from  eastern  New  Mexico. 


Prevalence 

Intensity 

Parasite 

No.  infested/ 
218  examined 

Percent 

Range 

Mean 

Anoplura 

Hoplopleura  hirsuta 

209 

95.9 

1-727 

69.2 

Siphonaptera 

Orchopeas  leucopus 

76 

34.9 

1-13 

2.5 

Euhoplopsyllus  glacialis  affinis 

5 

2.3 

1-2 

1.2 

Pleochaetis  exilis* 

2 

0.92 

— 

1.0 

Thrassis  airidis 

1 

0.46 

— 

1.0 

Acarina 

Androlaelaps  glasgowi 

87 

39.9 

1-48 

5.7 

Macrocheles  sp. 

3 

1.4 

— 

1.0 

Hypoaspis  sp. 

2 

0.92 

— 

1.0 

Echinonyssus  hilli* 

1 

0.46 

— 

2.0 

Dermacentor  paruniapertus* 

1 

0.46 

— 

1.0 

Diptera 

Cochliomyia  sp.  * 

1 

0.46 

— 

1.0 

Cuterebra  sp.^ 

1 

0.46 

— 

1.0 

Cestoda 

Choanotaenia  nebraskensis^ 

11 

5.04 

1-57 

14.8 

Raillietina  bakerf' 

1 

0.46 

— 

1.0 

Taenia  taeniaeformis'^ 

4 

1.8 

1-3 

1.5 

Nematoda' 

Mastophorus  muris 

2 

0.92 

— 

1.0 

Unknown 

1 

0.46 

— 

1.0 

*New  host  record 
'  Pleural  cavity 
^Cardiac  muscle 
^Intestine 
"Liver 
^Stomach 


primarily  of  the  cephalopharyngeal  apparatus  (James,  1947)  and  spines 
(Ferris,  1920). 

Cestoda 

Cestodes  were  the  most  abundant  and  diverse  group  of  helminths 
(Tables  1  and  2).  The  most  abundant  helminth  was  Choanotaenia 
nebraskensis  Hansen,  which  accounted  for  94  percent  of  all  helminths. 
More  females  (seven)  than  males  (four)  were  infected  with  this  cestqde 
but  males  demonstrated  a  higher  relative  density  of  infection  (males  X  = 
20;  females  X  =  11.7).  Significant  disparity  in  intensity  of  infections 
(Table  1)  existed  within  both  sexes.  One  female,  trapped  in  June,  carried 
a  burden  of  52  tapeworms,  whereas  a  male  host,  captured  in  November, 
yielded  57  cestodes.  By  removing  both  of  these  extremes  and 
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Table  2.  Number  of  parasites  on  Sigmodon  hispidus  by  month. 


Number  of  hosts 

Jan/ Feb 
13/9 

Mar/ Apr  May/June  July/ Aug 
10/13  43/45  36/27 

Sep /Oct 
13/- 

Nov/ Dec 
4/5 

Anoplura 

Hoplopleura  hirsuta 

1100/304 

559/1381  3324/4300  1751/1084 

178/- 

94/329 

Siphonaptera 

Orchopeas  leucopus 

2/- 

1/3 

51/85 

40/2 

21- 

1/2 

Euhoplopsyllus  glacialis 

-/- 

-/- 

-/3 

-/3 

-/- 

-/- 

Pleochaetis  exilis 

-/- 

-/- 

1/- 

-/- 

-/- 

-/I 

Thrassis  aridis 

-/- 

-/- 

-/I 

-/- 

-1- 

-/- 

Acarina 

Androlaelaps  glasgowi 

91- 

4/- 

19/66 

259/111 

23/- 

-/4 

Macrocheles  sp. 

-/- 

-/- 

1/- 

I/- 

1/- 

-/- 

Hypoaspis  sp. 

-/- 

-/- 

-/- 

I/l 

-/- 

-/- 

Echinonyssus  hilli 

-/- 

-/- 

21- 

-/- 

-/- 

-/- 

Dermacentor 

parumapertus 

-/- 

-/- 

-/- 

1/- 

-/- 

-/- 

Diptera 

Cochliomyia  sp. 

-/- 

-/- 

-/I 

-/- 

-/- 

-/- 

Cuterebra  sp. 

-/- 

-/- 

-/- 

-/I 

-/- 

-1- 

Cestoda 

Choanotaenia 

nebraskensis 

17/- 

-/- 

5/60 

22/1 

-/- 

57/- 

Raillientina  bakeri 

-/- 

-/- 

1/- 

-/- 

-/- 

-/- 

Taenia  taeniaeformis 

-/- 

-12 

-/3 

1/- 

-/- 

-/- 

Nematoda 

Mastophorus  muris 

-/- 

-1- 

-/- 

l/I 

-/- 

-/- 

Nematode,  unknown 

-/- 

-1- 

-/- 

-/- 

-/- 

1/- 

recalculating  mean  worm  burdens,  the  males  (X  7.7)  still  exceeded  the 
females  (X  =  5.0).  The  greatest  number  of  infected  hosts  (four  females, 
one  male)  were  trapped  in  July;  all  but  two  hosts  were  taken  in  the 
months  of  May  through  August  (Table  2). 

Raillientina  bakeri  Chandler  was  recovered  from  a  female  host  trapped 
in  May.  Taenia  taeniaeformis  cysticerci  were  recovered  from  beneath  the 
fibrous  capsule  of  the  liver  in  two  males  and  two  females.  Male  hosts 
were  trapped  in  April  and  June,  whereas  female  hosts  were  collected  in 
April  and  July. 

Nematoda 

Three  nematodes  were  recovered  from  the  stomachs  of  three  different 
hosts.  Two  Mastophorus  muris  Chitwood  were  recovered  from  the 
stomachs  of  two  female  hosts  trapped  during  July  and  August.  In  an 
attempt  to  clear  the  unidentified  nematode  tissue,  separation  occurred 
that  made  it  impossible  to  identify  the  specimen.  This  specimen  was, 
however,  at  least  two  to  three  times  larger  than  M.  muris  and  was 
recovered  from  the  stomach  of  a  male  host  trapped  in  November. 
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Finally,  we  determined  if  mixed  infections  occurred  more  frequently 
than  expected  on  either  sex.  Because  H.  hirsuta,  O.  leucopus,  and  A. 
glasgowi  (Table  2)  accounted  for  more  than  99  percent  of  all 
ectoparasites,  we  examined  differences  in  frequencies  of  mixed  infections 
among  them.  There  were  no  statistically  significant  differences  among 
combinations  of  mixed  infections  according  to  host  sex.  However,  we 
observed  a  slightly  higher  percentage  of  male  (59  percent)  hosts  with 
mixed  infections  than  female  (53  percent)  hosts.  Among  hosts  with  mixed 
infections,  lice  and  fleas  occurred  together  29  percent  (18/61)  of  the  time 
on  male  hosts  as  compared  to  34  percent  (21/62)  of  the  time  on  female 
hosts.  Mixed  infections  of  lice  and  mites  occurred  on  34  percent  (21/61) 
of  the  males  and  42  percent  (26/62)  of  the  females.  Out  of  218  hosts, 
only  one  male  carried  a  mixed  infection  of  fleas  and  mites.  Among  the 
123  hosts  bearing  mixed  infections,  34  percent  (21/61)  were  males  and  24 
percent  (15/52)  were  females.  Only  one  host  (male)  harbored  a  mixed 
infection  of  helminths.  It  was  trapped  in  November  and  carried  a  burden 
of  57  cestodes  and  one  nematode. 

Discussion 

Hoplopleura  hirsuta  has  been  recovered  in  substantial  numbers  from 
other  hosts  (Pfaffenberger  and  de  Bruin,  1986)  but  is  considered, 
nevertheless,  to  be  an  ectoparasite  of  the  cotton  rat.  The  96  percent 
prevalence  observed  in  this  study  is  remarkably  high  as  is  mean  intensity 
when  compared  to  other  studies.  The  previously  recorded  high  prevalence 
(84  percent)  occurred  in  Texas  (Smith  and  Love,  1958),  but  their 
observed  mean  intensity  (12)  was  significantly  lower  than  our  69.  Other 
studies  indicated  recorded  ranges  in  prevalence  from  74  percent  (Morlan, 
1952)  in  Georgia  to  four  percent  (Harkema,  1946;  Harkema  and 
Kartman,  1948)  in  North  Carolina.  Others  have  observed  prevalence 
values  of  40  percent  (Hugghins,  1949  and  1951)  in  Texas,  and  13  percent 
(Lanier,  1951)  and  10  to  12  percent  (Worth,  19506f)  in  separate  studies  in 
Florida.  Mean  intensities  are  also  significantly  different  between  ours  and 
other  studies.  Irons  et  al.  (1952)  recorded  a  low  of  0.97,  which  proved  to 
be  just  slightly  lower  than  1.75  observed  by  Harkema  (1946)  and 
Harkema  and  Kartman  (1948).  The  observations  of  the  latter  authors 
were  not  significantly  different  than  comparable  values  recorded  by 
Harlan  and  Palmer  (3.7,  1974),  Lanier  (1.0,  1951),  and  Meadows  (2.7, 
1968)  in  North  Carolina,  Florida,  and  Texas,  respectively.  All  previously 
recorded  mean  intensities  and  prevalences  (except  Smith  and  Love,  1958) 
for  H.  hirsuta  were  exceptionally  low  when  compared  to  those  in  our 
study. 

Orchopeas  leucopus,  an  oligoxenous  species,  is  considered  to  be  an 
ectoparasite  of  the  rodent  genus  Peromyscus,  but  is  known  to  be 
recovered  frequently  from  the  cotton  rat  (Traub  et  al.,  1983).  Nearly  35 
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percent  of  our  hosts  were  infested  with  O.  leucopus  as  compared  to  the 
40  percent  observed  by  Poorbaugh  and  Gier  (1961)  in  Kansas.  Both  were 
significantly  higher  than  the  trace  prevalence  observed  by  Rail  et  al. 
(1969)  in  an  earlier  nearby  study  in  New  Mexico.  The  only  other  study 
providing  information  on  mean  intensity  was  that  of  Irons  et  al.  (1952). 
They  observed  a  mean  intensity  of  0.97  in  Texas,  which  was  only  slightly 
lower  than  our  2.5.  Aside  from  frequent  sympatric  distributions  of  cotton 
rats  and  white-footed  mice,  the  fact  that  both  rodents  are  confamilial 
may  account  for  the  occasional  occurrence  of  this  flea  species  on  the 
cotton  rat. 

Euhoplopsyllus  glacialis,  R  exilis,  and  T.  airidis  all  are  considered  to  be 
accidental  ectoparasites  on  this  host.  Their  presence  was  not  unexpected 
because  the  cottontail,  Sylvilagus  audubonii  Nelson,  grasshopper  mouse, 
Onychomys  leucogaster  (Wied-Neuwied),  and  kangaroo  rat,  Dipodomys 
ordii  Woodhouse,  all  respective  hosts  of  the  foregoing  flea  species,  were 
collected  from  the  same  area  during  this  study.  The  presence  of  R  exilis 
on  the  cotton  rat  is  a  new  host  record.  According  to  our  records,  T. 
airidis  only  has  been  taken  from  this  host  on  one  other  occasion  and 
that,  too,  was  in  New  Mexico  in  an  area  not  far  from  our  study  site 
(Graves  et  al.,  1974). 

Androlaelaps  glasgowi  has  been  recovered  from  S.  hispidus  on 
numerous  occasions  but,  unfortunately,  information  on  prevalence  and 
intensity  of  infestations  was  not  always  presented.  Prevalence  values  have 
been  reported  from  Florida  (90  percent.  Worth,  1950^z),  Georgia  (74 
percent,  Morlan,  1952;  72  percent.  Smith  and  Love,  1958),  North 
Carolina  (29  percent,  Harkema,  1946),  and  Texas  (50  percent,  Hugghins, 
1949  and  1951).  Information  on  range  of  intensity  has  been  published 
from  studies  in  Florida  (one  to  217,  Worth,  1950«)  and  Texas  (one  to 
100,  Hugghins,  1949),  whereas  reports  of  mean  intensity  include  those 
from  Alabama  (30,  Hays  and  Guyton,  1958),  Georgia  (33.1,  Henry  and 
McKeever,  1971;  7.4,  Smith  and  Love,  1958),  North  Carolina  (7.05, 
Harkema,  1946),  and  Texas  (14.3,  Hugghins,  1949  and  1951;  0.4,  Irons  et 
al.,  1952).  Our  40  percent  prevalence  conforms  most  closely  to  the  50 
percent  reported  from  Texas,  whereas  our  5.7  mean  intensity  is  nearest 
the  7.4  reported  from  Georgia.  Our  range  is  intensity  (one  to  48)  is 
significantly  lower  than  that  reported  elsewhere. 

The  values  presented  above  for  prevalence  and  intensity  of  infestations 
for  A.  glasgowi  seem  to  indicate  1)  that  hosts  in  the  southeastern  United 
States  may  be  more  suitable,  2)  that  conditions  in  the  nest  of  the  host 
may  be  more  agreeable,  or  3)  that  one  host  sex  was  trapped  more 
frequently  than  the  other.  According  to  Radovsky  (1985),  female  mites  of 
this  genus  remain  on  the  host  more  frequently  than  do  males  and 
immatures,  which  are  nidicolistic  in  habit.  This  supports  our  observa¬ 
tions,  but  we  also  observed  that  male  cotton  rats  were  more  suitable 
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hosts  and  carried  higher  densities  of  mites  as  well  as  higher  proportions 
of  females  (40:1).  Unfortunately,  comparative  information  has  not  been 
published  previously. 

Few  reports  of  mites  from  Macrocheles  sp.  or  Hypoaspis  sp.  have  been 
published  and  where  they  have,  too  few  individuals  have  been  recovered 
to  provide  supporting  data.  This  is  not  surprising  considering  mites  of 
both  Hypoaspis  (Radovsky,  1985)  and  Macrocheles  (Krantz,  1978)  are 
primarily  saprophagous  in  habit  and  would  seem  to  utilize  hosts  only  for 
phoretic  purposes.  To  our  knowledge,  this  is  the  first  report  of  E.  hilli 
from  the  hispid  cotton  rat.  So  few  specimens  were  recovered  that  we 
consider  this  association  to  be  accidental.  This  species  had  previously 
been  recovered  at  higher  prevalences  and  greater  range  and  mean 
intensities  from  other  sympatric  hosts  collected  at  the  same  time 
(Pfaffenberger  and  de  Bruin,  1986). 

The  only  tick  species  recovered  in  this  study  was  D.  parumapertus.  The 
single  specimen  must  be  considered  accidental  and  in  all  likelihood  was 
associated  with  O.  leucogaster  and  D.  ordii  (Pfaffenberger  and  de  Bruin, 
1986).  This  is  the  first  report  of  this  ectoparasite  from  the  cotton  rat. 
This  also  appears  to  be  the  first  report  of  the  screwworm  fly 
{Cochliomyia  sp.)  from  this  host,  whereas  the  warble  fly  has  been 
reported  previously  on  two  occasions.  Percent  prevalence  is  all  that  has 
been  reported  by  Goertz  (1966,  0.14  percent)  in  Oklahoma  and  Disney 
(1969,  two  percent)  in  British  Honduras.  The  fact  that  larvae  only  have 
been  recovered  from  13  of  2153  (one  percent  prevalence)  hosts  in  three 
distinct  geographic  areas  indicates  that  the  cotton  rat  does  not  appear  to 
be  a  particularly  suitable  host.  These  studies  also  indicate  that  hosts  in 
the  Nearctic  region  appear  to  be  less  hospitable  because  only  three  of 
1679  (0.2  percent  prevalence)  were  infected. 

Choanotaenia  nebraskensis  was  reported  previously  by  Seidenberg  et 
al.  (1974)  from  cotton  rats  in  southern  Virginia.  They  reported  eight 
percent  prevalence  among  38  hosts  and  a  mean  intensity  of  5.0.  Although 
their  prevalence  was  slightly  higher,  their  mean  intensity  was  significantly 
lower  than  ours.  Even  if  the  single  individual  harboring  57  cestodes  were 
excluded  our  mean  intensity  is  still  two  times  that  reported  from  hosts 
from  Virginia.  The  prevalence  in  this  study  was  not  significantly  different 
for  that  reported  (4.03  percent)  in  an  earlier  study  for  the  sympatric 
kangaroo  rat  {Dipodomys  ordii).  The  mean  intensity  of  infection  was, 
however,  significantly  higher  in  the  latter  species  (45.2)  (Correction,  1985; 
Pfaffenberger  et  al.,  1985). 

Raillietina  bakeri  must  be  considered  a  common  parasite  of  the  hispid 
cotton  rat  because  it  has  been  reported  on  many  occasions  from  diverse 
geographic  areas.  Prevalences  range  from  60  percent  (Rodenberg  and 
Pence,  1978)  in  western  Texas  to  0.46  percent  in  the  present  study.  Such 
extremes  seem  unusual  considering  the  regional  proximity  of  the  two 
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Study  sites.  Other  reported  prevalences  include  30.5  percent  from  North 
Carolina  (Harkema,  1946),  27  percent  from  Florida  (Lanier,  1951),  23 
percent  from  Texas  (Hugghins,  1951),  18  percent  in  Virginia  (Seidenberg 
et  al.,  1974),  and  12  percent  in  Texas  (Martin  and  Huffman,  1980). 
Unfortunately,  not  all  the  foregoing  studies  provided  information  on 
mean  intensities.  Of  those  that  did,  the  worm  burden  per  host  was 
greatest  in  Virginia  (20.6 — Seidenberg  et  al.,  1974).  Other  mean  intensity 
values  were  much  lower,  for  example,  8.0  in  Texas  (Rodenberg  and 
Pence,  1978)  and  North  Carolina  (Harkema,  1946),  6.7  in  Texas 
(Hugghins,  1951),  and  5.1  in  central  Texas  (Martin  and  Huffman,  1980). 
By  comparing  the  prevalence  and  mean  intensity  values  among  the  three 
Texas  studies,  it  appears  that  extreme  variability  in  prevalence  is  greatly 
affected  by  regional  habitat  differences,  but  once  infection  occurs,  host 
susceptibility  tends  to  remain  fairly  constant  throughout  a  geographic 
region.  Therefore,  we  assume  that  intermediate  hosts  are  more  important 
than  definitive  hosts  in  maintaining  an  endemic  population  of  R.  bakeri. 

The  cotton  rat  appears  to  be  a  common  intermediate  host  for  T. 
taeniaeformis.  The  high  prevalence  for  the  hepatic,  subcapsular  cysticerci 
was  33  percent  recorded  in  eastern  Texas  (Hugghins,  1951),  whereas  the 
low  (1.8  percent)  was  recorded  in  the  present  study.  In  descending  order 
of  occurrence,  other  prevalences  were  28  percent  in  Georgia  (Harkema 
and  Kartman,  1948),  16  percent  in  central  Texas  (Martin  and  Huffman, 
1980),  16  percent  in  North  Carolina  (Harkema,  1946),  16  percent  in 
Virginia  (Seidenberg  et  al.,  1974),  11  percent  in  Tennessee  (Childs  and 
Cosgrove,  1966),  10  percent  in  central  Florida  (Kinsella,  1974),  seven 
percent  in  southern  Florida  (Lanier,  1951),  and  five  percent  in  western 
Texas  (Rodenberg  and  Pence,  1978). 

Information  on  mean  intensity  of  T.  taeniaeformis  indicated  a  high  of 
14.5  in  Florida  with  a  range  of  nine  to  20  from  two  hosts  (Lanier,  1951) 
to  a  low  of  1.0  per  host  in  western  Texas  (Rodenberg  and  Pence,  1978). 
The  most  substantial  mean  intensity  of  5.4,  reported  from  28  infected 
hosts,  occurred  in  Georgia  where  an  observed  range  of  one  to  18 
(Harkema  and  Kartman,  1948)  was  recorded.  The  remaining  reports  on 
mean  intensity  were  not  significantly  different.  Seidenberg,  et  al.  (1974), 
reported  3.7  from  Virginia,  whereas  other  mean  values  included  2.9,  2.6, 
and  1.75  from  central  Texas  (Martin  and  Huffman,  1980),  eastern  Texas 
(Hugghins,  1951),  and  North  Carolina  (Harkema,  1946),  respectively.  Our 
prevalence  (1.8  percent)  was  significantly  lower  than  those  previously 
reported,  whereas  our  mean  intensity  (1.5)  was  only  slightly  lower,  which 
would  seem  to  indicate  the  presence  of  fewer  definitive  hosts  or  a  more 
hostile  environment  for  the  survival  of  the  eggs. 

Mastophorous  muris  is  frequently  recovered  from  the  stomach  of  a 
number  of  rats  and  mice.  Among  cotton  rats  it  has  been  recovered  from 
as  many  as  52  percent  (North  Carolina — Harkema,  1946)  of  the  hosts  to 
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a  low  (one  percent)  reported  in  this  study.  Other  reported  values  for 
prevalence  include  42  percent  (Virginia — Seidenberg  et  al.,  1974),  38 
percent  (western  Texas — Rodenberg  and  Pence,  1978),  20  percent  (eastern 
Texas — Hugghins,  1949),  and  four  percent  (Tennessee — Childs  and 
Cosgrove,  1966).  Published  accounts  of  mean  intensity  have  been 
consistently  low — for  example,  10.9  in  North  Carolina  (Harkema,  1946), 
and  4.0  and  3.6  for  western  Texas  (Rodenberg  and  Pence,  1978)  and 
Virginia  (Seidenberg  et  al.,  1974),  respectively.  Finally,  Hugghins  (1949) 
reported  a  mean  intensity  of  2.6  from  eastern  Texas.  The  highest  ranges 
of  intensity  include  those  from  Tennessee  (one  to  24,  Childs  and 
Cosgrove,  1966),  western  Texas  (one  to  22,  Rodenberg  and  Pence,  1978), 
and  eastern  Texas  (one  to  10,  Hugghins,  1949)  all  of  which  were 
significantly  higher  than  ours.  It  was  somewhat  surprising  to  find  so  few 
cotton  rats  infected  when  34  percent  of  the  sympatric  grasshopper  mice, 
Onychomys  leucogaster,  harbored  a  mean  burden  of  10.7  (Pfaffenberger 
and  de  Bruin,  1985). 

Contrary  to  the  results  of  a  Texas  study  (Meadows,  1968),  most  studies 
indicate  a  significant  differences  in  host  sex  preference  toward  the  male 
cotton  rat.  Our  results  confirm,  in  part,  the  latter  observation.  We 
observed  no  significant  difference  in  percentages  of  males  (96.1)  and 
females  (95.7)  infested  with  lice,  but  that  male  hosts  carried  greater  mean 
intensities,  perhaps  due  to  larger  body  size  (Mohr  and  Stumpf,  1964). 
This  trend  was  consistent  among  ectoparasites  but  was  reversed  among 
the  helminths,  contrary  to  the  observations  of  Coggins  and  McDaniel 
(1975).  In  their  North  Carolina  study,  they  indicated  that  male  hosts 
harbored  greater  densities,  diversities,  and  ranges  of  helminthic  infections. 
They  also  indicated  that  ranges  of  infections  in  males  were  1.8  to  3.7 
times  greater  than  in  females.  Their  study  was  especially  interesting  to  us 
because  the  helminths  they  recovered  were  the  same  as  some  observed  in 
the  present  study. 

These  and  other  inconsistencies  indicate  that  host-parasite  interaction 
may  vary  substantially  according  to  habitat,  host  sex,  host  size,  and 
season  (Martin  and  Huffman,  1980;  Rodenberg  and  Pence,  1978). 
Unfortunately,  effects  of  changing  population  densities  of  cotton  rats 
have  not  been  investigated  so  comparisons  will  be  made  only  with  work 
completed  on  other  cricetid  rodents  by  Beer  and  Cook  (1968).  Their  10- 
year  study  indicated  that  no  evidence  exists  for  a  relationship  between 
rate  of  infestation  and  host  density.  They  also  observed  in  an  earlier 
study  (Cook  and  Beer,  1955)  that  host-parasite  trends  may  change  from 
year  to  year.  Worth  (1951)  indicated  that  dispersal  habits  of  cotton  rats 
was  also  a  factor  in  his  two-month  study  in  Florida.  He  suggested  that 
greater  number  of  ectoparasites  on  male  cotton  rats  is  reflective  of  their 
greater  dispersive  mode  as  indicated  in  his  trapping  success.  Similar 
results  also  were  obtained  in  a  nine-day  Texas  study  wherein  Stickel  and 
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Stickel  (1949)  calculated  dispersal  habits  of  male  cotton  rats  to  be 
approximately  two  times  that  of  females.  However,  Stafford  and  Stout 
(1983)  performed  a  year-long  capture-removal  study  on  the  cotton  rat  at 
the  University  of  Central  Florida  in  Orlando.  They  captured  and 
removed  the  original  residents,  thus  creating  a  sink,  and  continued  to 
remove  invaders  every  two  weeks.  They  determined  that  there  was  no 
significant  difference  in  the  sex  ratios  of  dispersers  and  residents.  Our 
observations  confirm  the  latter  study  in  that  we  captured  116  female  and 
102  male  rats. 

Population  Biology  of  Hoplopleura  hirsuta 

Discussion  will  be  restricted  to  this  species  because  it  represented  94 
percent  of  all  parasites  recovered  in  this  study.  The  ratio  of  adult  male  to 
adult  female  lice  was  1:1,  whereas  the  ratio  of  adults  to  nymphs  was 
1.25:1.  There  are  indications  that  host  sex  influences  either  adult  choices 
or  reproductive  habits  of  lice.  For  example,  males  represented  33  percent 
of  the  lice  on  male  hosts,  which  was  significantly  lower  than  the  41 
percent  on  female  hosts.  On  the  other  hand,  although  females  constituted 
34  percent  of  the  lice  on  male  hosts  and  39  percent  on  female  hosts,  there 
wasn’t  a  significant  difference.  Other  studies  involving  the  same  genus  of 
lice  and  other  cricetid  rodents  indicated  that  female  lice  out  number  male 
lice  (Beer  and  Cook,  1958;  Cook  and  Beer,  1955),  which  conceivably 
could  be  related  to  the  greater  longevity  of  the  female  louse  (Cook  and 
Beer,  1958). 

As  it  pertains  to  the  comparative  ratios  of  percentages  of  adult  lice  to 
nymphs  on  separate  host  sexes,  we  observed  significant  differences.  In  the 
present  study,  68  percent  of  the  lice  on  male  hosts  were  adults  as 
compared  to  79  percent  adult  lice  on  female  hosts.  From  these 
percentages,  we  derived  ratios  of  adult  to  nymphal  lice  of  2:1  on  male 
hosts  and  3.7:1  on  female  hosts.  Cook  and  Beer  (1955)  also  recorded 
larger  proportions  of  adult  lice  on  male  hosts  during  a  two-year  study. 
Ratios  are  apparently  variable  by  season  and  species,  but  the  nymphs 
rarely  exceed  certain  densities  on  a  given  host  (Cook  and  Beer,  1958). 
This  appears  to  be  related  to  reduced  durations  of  nymphal  developmen¬ 
tal  stages  or  increased  longevities  of  the  adults  (Cook  and  Beer,  1958). 

Possibly,  male  hosts  slow  the  nymphal  developmental  process  through 
a  factor  or  combination  of  factors  in  their  interstitial  fluids.  This  would 
account  for  the  near  equal  ratios  of  male,  female,  and  nymphal  lice  on 
male  but  not  on  female  hosts.  Or  is  there  a  factor  or  combination  of 
factors  in  tissue  fluids  of  female  hosts  that  accelerate  developmental  rates 
of  the  nymphal  stages?  If  so,  this  would  account  for  the  significantly 
higher  percentages  of  adults  on  female  hosts. 

Finally,  we  discuss  factors  that  may  conceivably  impact  upon  the 
abnormally  high  infestation  rates  observed  in  this  study.  In  response,  we 
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asked  ourselves  three  questions,  1)  could  the  host  population  have  been 
on  the  decline,  if  so  2)  would  this  account  for  higher  densities  of  lice,  and 
finally  3)  could  there  have  been  intense  interspecific  competition  among 
parasites? 

In  response  to  the  first  question,  we  suspect  that  this  may  have  indeed 
been  the  case.  The  area  we  trapped  had  not  been  grazed  for  years. 
Consequently,  it  supported  a  good  stand  of  grass  that  cotton  rats  rely 
upon  for  cover  during  diurnal  navigation  (Stickel  and  Stickel,  1949)  and 
to  some  extent  food  (Komarek,  1937).  After  we  had  begun  our  trapping 
regimen,  a  small  herd  of  cattle  was  allowed  to  graze  the  same  area,  which 
undoubtedly  stressed  resident  cotton  rats  (Stickel  and  Stickel,  1949) 
through  direct  competition  for  food,  loss  of  cover  (contrary  to 
Mohlhenrich,  1961),  and  disruption  of  daily  habits.  To  confirm  our 
suspicion,  we  trapped  the  same  area  for  the  next  12  months,  using 
identical  methods,  but  failed  to  collect  one  cotton  rat.  Was  their 
disappearance  a  natural  phenomenon  (Odum,  1955)7  If  so,  what  may 
have  caused  their  mass  exodus?  Animals  are  known  to  move  periodically 
to  avoid  complications  of  parasitism  (Hausfater  and  Sutherland,  1984). 
Could  it  be  a  major  factor  in  cotton  rat  dispersal?  For  these  and  other 
questions  we  have  no  answers. 

The  second  question  is  necessarily  linked  to  the  first  because  stress  is 
known  to  initiate  secretion  of  hypothalmic  adrenocorticotropic  hormones 
that  stimulate  the  release  of  a  number  of  glucocorticoids  from  the  adrenal 
cortex.  According  to  Rothschild  (1965),  these  are  the  chief  hormones  that 
induce  reproductive  activities  in  the  rabbit  flea.  We  also  feel  that  these 
hormones  may  impact  upon  the  reproductive  habits  of  lice.  If  so,  a  stress- 
related  reproductive  response  in  the  lice  would  be  expected  to  occur. 
Such  a  response  would  seem  to  be  related  more  to  species  survival  than 
individual  survival  and  may  account  for  the  unusual  occurrence  and 
densities  of  H.  hirsuta  on  D.  ordii  and  O.  leucogaster  (Pfaffenberger  and 
de  Bruin,  1986).  Similar  occurrences  have  been  observed  in  host-parasite 
relationships  in  other  rodent  species,  which  lead  the  authors  to  assume 
that  infestation  rates  do  indeed  increase  in  declining  host  populations — 
Cook  and  Beer  (1955).  They  did  not,  however,  suggest  probable  causes. 
Response  to  increased  levels  of  progesterone  also  is  thought  to  influence 
rapid  development  and  release  of  ova  by  intestinal  helminths  (Hausfater 
and  Sutherland,  1984).  Could  this  have  accounted  for  the  significantly 
higher  helminthic  infections  in  female  cotton  rats  in  the  present  study? 

As  indicated  by  Cook  and  Beer  (1958),  seasonal  changes  may  be 
ascribed  to  competition  between  different  species  of  ectoparasites.  We 
observed  that  lice  and  fleas  occurred  together  on  18  (19  percent)  male 
and  21  (34  percent)  female  hosts,  whereas  lice  and  mites  cohabited  21  (34 
percent)  male  and  26  (42  percent)  female  hosts.  Lastly,  lice,  fleas,  and 
mites  were  recovered  from  21  (34  percent)  male  and  15  (24  percent) 
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female  hosts.  None  of  the  combinations  proved  to  be  significant  because 
all  were  within  20  to  90  percent  probability  levels.  However,  among  hosts 
with  mixed  infections,  percentages  of  males  (34  percent)  exceeded 
percentages  of  females  (24  percent). 
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Recorded  Parasites  of  Sigmodon  hispidus 

In  the  annotated  bibliography  appearing  below,  we  have  included  only 
original  works  except  where  information  was  provided  that  we  were  not 
able  to  locate  ourselves.  Species  of  parasites  appearing  in  the  checklist 
are  presented  alphabetically  within  recognized  taxa  such  as  phylum,  class, 
order,  and  so  on.  Alphabetical  lists  of  authors  who  have  contributed 
information  on  naturally  occurring  parasites  of  the  cotton  rat  are  in 
parentheses  following  each  scientific  name.  Numerous  works  dealing  with 
experimental  infections  were  excluded  from  the  checklist. 

We  have  endeavored  to  include  all  references  but  feel  certain  some 
have  been  overlooked,  which  we  hope  will  be  added  in  time. 
Nevertheless,  the  information  presented  will  provide  a  useful  reference  to 
the  parasites  of  the  cotton  rat. 


Protozoa 

Class  Sporozoasida 
Family  Adeleidae 
Adelina  sp.  (Barnard  et  ah,  1974) 

Borrelia  sp.  (Eads  and  Hightower,  1952) 

Family  Eimeriidae 
Eimeria  sp.  (Barnard  et  ah,  1974) 

Eimeria  tuskegeensis  (Barnard  et  al.,  1974) 

Eimeria  roper i  (Barnard  et  al.,  1974) 

Eimeria  sigmodontis  (Barnard  et  al.,  1974;  Ernst  et  al,  1977) 
Eimeria  webbae  (Barnard  et  al,  1974) 

Isospora  sp.  (Barnard  et  al.,  1974) 

Isospora  mansoni  (Upton  et  al.,  1985) 

Class  Zoomastigophorasida 
Family  Trypanosomatidae 

Trypanosoma  sp.  (Eads  and  Hightower,  1952) 

Trypanosoma  cruzi  (Zarate  et  ah,  1980) 

Trypanosoma  sigmodoni  {Culbertson,  1941;  Petana,  1969,  1971) 
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Trematoda 

Trematode  (Childs  and  Cosgrove,  1966) 

Subclass  Digenea 

Family  Diplostomidae 

Neodiplostomum  cratera  (Best,  1971) 

Family  Brachylaimidae 

Brachylaima  thompsoni  (Martin  and  Huffman,  1980) 

Family  Nudacotylidae 

Nudacotyle  novicia  (Kinsella,  1974) 

Family  Plagiorchiidae 

Plagiorchis  muris  (Kinsella,  1974;  Rodenberg  and  Pence,  1978) 

Family  Microphallidae 

Gynaecotyla  adunca  (Kinsella,  1974) 

Maritrema  sp.  (Kinsella,  1974) 

Microphallus  hasodactylophallus  (Kinsella,  1974) 

Family  Dicrocoeliidae 

Zonorchis  komareki  (Kinsella,  1974;  Martin  and  Huffman,  1980) 

Cestoda 

Tapeworm  (Childs  and  Cosgrove,  1966) 

Order  Cyclophyllidea 
Family  Tetrabothriidae 
Taenia  sp.  (Kinsella,  1974) 

Taenia  mustela  (McKeever  and  Henry,  1971;  Kinsella,  1974) 

Taenia  rileyi  (Kinsella,  1974;  Mollhagen,  1978) 

Taenia  taeniaeformis  (Baylis,  1945;  Coggins  and  McDaniel,  1975;  Harkema,  1946; 
Harkema  and  Kartman,  1948;  Hawkins,  1942;  Hugghins,  1951;  Kinsella,  1974;  as 
Cysticercus  fasciolaris — Hugghins,  1949;  Lanier,  1951;  Melvin  and  Chandler,  1950; 
Mollhagen,  1978;  Rodenberg  and  Pence,  1978;  Seidenberg  et  al.,  1974;  as  Hydatigera 
taeniaformis — Martin  and  Huffman,  1980;  Meadows,  1968) 

Family  Davaineidae 

Raillietina  sp.  (Kinsella,  1974;  Meadows,  1968) 

Raillietina  bakeri  (Baylis,  1945;  Coggins  and  McDaniel,  1975;  Harkema,  1946; 
Harkema  and  Kartman,  1948;  Hugghins,  1949,  1951;  Kinsella,  1974;  Lanier,  1951; 
Martin  and  Huffman,  1980;  Melvin  and  Chandler,  1950;  Mollhagen,  1978; 
Rodenberg  and  Pence,  1978;  Seidenberg  et  al.,  1974) 

Raillietina  demerariensis  (Kinsella,  1974) 

Raillietina  sigmodontis  (Kinsella,  1974;  Smith,  1954) 

Family  Hymenolepididae 

Hymenolepis  diminuta  (Best,  1971;  Coggins  and  McDaniel,  1975;  Harkema,  1936,  1946; 
Harkema  and  Kartman,  1948;  Kinsella,  1974;  Meadows,  1968;  Melvin  and  Chandler, 
1950;  Mollhagen,  1978;  Rodenberg  and  Pence,  1978;  Seidenberg  et  al.,  1974;  Smith, 
1908) 

Vampirolepis  microstoma  (as  Humenolepis  microstoma — Harkema,  1946;  Harkema  and 
Kartman,  1948;  Kinsella,  1974;  Melvin  and  Chandler,  1950) 

Family  Dilepididae 

Choanotaenia  nebraskensis  (Seidenberg  et  al.,  1974) 

Family  Anoplocephalidae 

Monoecocestus  sigmodontis  (Best,  1971;  Hugghins,  1949,  1951;  Kinsella,  1974;  Lanier, 
1951;  Martin  and  Huffman,  1980;  Meadows,  1968;  Melvin  and  Chandler,  1950; 
Melvin,  1952;  Mollhagen,  1978;  Rodenberg  and  Pence,  1978;  as  Schizotaenia 
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sigmodontis — Baylis,  1945;  Chandler  and  Suttles,  1922;  Harkema,  1936;  Harkema 
and  Kartman,  1948) 

Andrya  microti  (Harkema  and  Kartman,  1948;  Melvin  and  Chandler,  1950) 
Paranoplocephala  macrocephala  (as  Aprostatandrya  macrocephala — Kinsella,  1974) 
Paranoplocephala  omphalodes  (Harkema,  1946) 

Paranoplocephala  sigmodontis  (Kinsella,  1974) 

Taenia  sp.  (Kinsella,  1974) 

Taenia  mustela  (McKeever  and  Henry,  1971;  Kinsella,  1974) 

Taenia  rileyi  (Kinsella,  1974;  Mollhagen,  1978) 

Nematoda 

Order  Rhabditorida 
Family  Strongyloididae 

Strongyloides  sp.  (Baylis,  1945;  Kinsella,  1974;  Melvin  and  Chandler,  1950) 
Strongyloides  sigmodontis  (Kinsella,  1974;  Martin  and  Huffman,  1980;  Melvin  and 
Chandler,  1950;  Scott  and  Blynn,  1952) 

Order  Strongylorida 

Family  Ancylostomatidae 

Bunostomum  floridanus  (as  Monodontus  floridanus — Harkema,  1936;  Kinsella,  1974; 
Lanier,  1951;  McIntosh,  1935;  Melvin  and  Chandler,  1950) 

Family  Trichostrongylidae 
Subfamily  Trichostrongylinae 

Trichostrongylus  affinis  (Kinsella,  1974) 

Trichostrongylus  sigmodontis  (Baylis,  1945;  Best,  1971;  Kinsella,  1974;  Melvin  and 
Chandler,  1950;  Thatcher  and  Scott,  1962) 

Subfamily  Viannaiinae 

Longistriata  adunca  (Baylis,  1945;  Best,  1969,  1971;  Chandler,  1931,  1932;  Childs  and 
Cosgrove,  1966;  Coggins  and  McDaniel,  1975;  Harkema,  1936,  1946;  Harkema  and 
Kartman,  1948;  Hugghins,  1949,  1951;  Lanier,  1951;  Melvin  and  Chandler,  1950; 
Scott  and  Blynn,  1952;  Seidenberg  et  al.,  1974) 

Family  Metastrongylidae 

Angiostrongylus  costaricensus  (Kinsella,  1974;  Monge  et  al.,  1978;  Morera,  1970,  1973; 
Tesh  et  al.,  1973;  Ubelaker  and  Hall,  1979) 

Order  Ascaridorida 
Family  Ascarididae 
Ascaris  columnaris  (Yamasguti,  1961) 

Family  Oxyuridae 
Oxyuroid  (Mollhagen  1978) 

Syphacia  sigmodoni  (Martin  and  Huffman,  1980;  Quentin  and  Kinsella,  1972) 

Syphacia  sigmodontis  (Kinsella,  1974;  Mollhagen  1978;  Rodenberg  and  Pence,  1978; 
Scott  and  Blynn,  1952) 

Order  Spirurorida 
Family  Spiruridae 

Mastophorus  muris  (Childs  and  Cosgrove,  1966;  Harkema,  1946;  Harkema  and 
Kartman,  1948;  Hugghins,  1949,  1951;  Kinsella,  1974;  Melvin  and  Chandler,  1950; 
Mollhagen,  1978;  Rodenberg  and  Pence,  1978;  Seidenberg  et  al,  1974) 

Protospirura  ascaroidea  (Harkema,  1936) 

Protospirurid  larva  (Childs  and  Cosgrove,  1966) 

Family  Thelaziidae 
Subfamily  Ascaropsinae 

Physocephalus  sexalatus  (Kinsella,  1974;  Melvin  and  Chandler,  1950) 
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Subfamily  Gongylonematinae 

Gongylonema  sp.  (Kinsella,  1974;  Martin  and  Huffman,  1980;  Melvin  and  Chandler, 
1950) 

Subfamily  Rictulariinae 

Rictularia  insular  is  (Lanier,  1951) 

Rictularia  ondatrae  (as  Pterygodermatites  ondatrae — Kinsella,  1974;  Melvin  and 
Chandler,  1950) 

Family  Physalopteridae 

Physaloptera  sp.  (Kinsella,  1974;  Lanier,  1951;  Mollhagen,  1978) 

Physaloptera  bispiculata  (Baylis,  1945;  Kinsella,  1974;  Martin  and  Huffman,  1980; 

Melvin  and  Chandler,  1950;  Vaz  and  Pereira,  1935) 

Physaloptera  hispida  1971;  Kinsella,  1974;  Schell,  1950) 

Physaloptera  muris-brasiliensis  (Kinsella,  1974;  Melvin  and  Chandler,  1950) 
Physaloptera  torquata  (Lanier,  1951) 

Family  Filariidae 

Litomosoides  sp.  (Petana,  1969) 

Litomosoides  carinii  (Baylis,  1945;  Bertram  et  al.,  1946;  Diaz-Ungria,  1967;  Eads  and 
Hightower,  1952;  Forrester  and  Kinsella,  1973;  Harkema,  1936;  Kinsella,  1974; 
Melvin  and  Chandler,  1950;  Wharton,  1947;  Williams  and  Brown,  1945;  as 
Vestibulosetaria  pattersoni — Vogel  and  Gabaldon,  1932) 

Litomosoides  patersoni  (as  Vestibulosetaria  patersoni — Harkema,  1936) 

Litomosoides  sigmodontis  {C\\M\d\e.r,  1931;  Harkema,  1936) 

Family  Dracunculidae 

Micropleura  sigmodoni  (Harkema,  1936;  Ochoterena  and  Caballero,  1932) 

Family  Trichuridae 
Subfamily  Capillariinae 

Capillaria  hepatica  (Qtsi,  1971;  Kinsella,  1974;  Layne,  1968,  1970;  Read,  1949) 
Subfamily  Trichosomoidinae 

Trichosomoides  crassicauda  (Kinsella,  1974) 

Family  Trichinellidae 

Trichinella  spiralis  (Holliman  and  Meade,  1980) 

Pentastomida 

Porocephalus  crotali  (Forrester  et  al.,  1970;  Layne,  1967) 

Arthropoda 

Class  Insecta 
Order  Anoplura 

Family  Hoplopleuridae 

Hoplopleura  arizonensis  (Johnson,  1972) 

Hoplopleura  contigua  (Johnson,  1972) 

Hoplopleura  hirsuta  (Cook  and  Beer,  1959;  Ellis,  1955;  Emerson,  1971a,  19716; 
Ferris,  1916;  Harkema,  1936,  1946;  Harkema  and  Kartman,  1948;  Harlan  and 
Palmer,  1974;  Hugghins,  1949,  1951;  Irons  et  al.,  1952;  Lanier,  1951;  Meadows, 
1968;  Menzies  et  al.,  1951;  Morlan,  1952;  Randolph  and  Eads,  1946;  Wenzel  and 
Johnson,  1966;  Worth,  1950a,  19506,  1951) 

Hoplopleura  hesperomydis  (Smith  and  Love,  1958) 

Hoplopleura  oenomydis  (Ellis,  1955) 

Hoplopleura  oryzomydis  (Cook  and  Beer,  1959) 

Family  Polyplacidae 

Po/yp/ajc  5/?/>7w/o.sa  (Meadows,  1968;  Morlan,  1952) 
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Order  Mallophaga 
Family  Gyropidae 

Gliricola  panamensis  (Emerson,  1966) 

Order  Diptera 

Family  Cuterebridae 

Cuterebra  sp.  (Goertz,  1966) 

Cuterebra  flaviventris  (Disney,  1969) 

Order  Siphonaptera 
Family  Ceratophyllidae 

Monopsyllus  wagneri  (Graves  et  al.,  1974) 

Nosopsyllus  fasciatus  (Harkema,  1946;  Harkema  and  Kartman,  1948;  Meadows, 

1968) 

Orchopeas  cadem  (Ellis,  1955) 

Orchopeas  howardi  (Morlan,  1952;  Sanford  and  Hays,  1974;  Smith  and  Love,  1958) 
Orchopeas  leucopus  (Augustson,  1943;  Ellis,  1955;  Graves  et  al.,  1974;  Irons  et  al., 
1952;  Poorbaugh  and  Gier,  1961;  Rail  et  al.,  1969) 

Orchopeas  sexdentatus  (Graves  et  al.,  1974;  Irons  et  al.,  1952;  Miller  et  al.,  1970; 
Rail  et  al.,  1969) 

Thrassis  aridis  (Graves  et  al.,  1974) 

Thrassis  fotus  (Graves  et  al.,  1974) 

Family  Leptopsyllidae 

Leptopsylla  segnis  (Layne,  1971;  Morlan,  1952;  as  Ctenopsyllus  segnis — Harkema, 
1936;  Shaftesbury,  1934) 

Odontopsyllus  multispinosus  (Morlan,  1952) 

Peromyscopsylla  draco  (Graves  et  al.,  1974) 

Peromyscopsylla  scotti  (Harkema,  1946;  Harkema  and  Kartman,  1948;  Sanford  and 
Hays,  1974) 

Family  Hystrichopsyllidae 

Adoratopsylla  antiquorum  (Tipton  and  Machado- Allison,  1972) 

Anomiopsyllus  biemalis  (Eads  and  Menzies,  1949) 

Anomiopsyllus  novomexicanensis  (Graves  et  al.,  1974;  Miller  et  al.,  1970;  Rail  et  al., 

1969) 

Anomiopsyllus  nudatus  (Barnes  et  al.,  1977) 

Ctenophthalmus  pseudoagyrtes  (Ellis,  1955;  Harkema,  1946;  Harkema  and  Kartman, 
1948;  Harlan  and  Palmer,  1974;  Morlan,  1952;  Poorbaugh  and  Gier,  1961;  Sanford 
and  Hays,  1974;  Schiefer  and  Lancaster,  1970;  Smith  and  Love,  1958) 

Epitedia  wenmanni  (Graves  et  al.,  1974;  Harkema,  1946;  Harkema  and  Kartman, 
1948;  Poorbaugh  and  Gier,  1961) 

Megarthroglossus  bisetis  (Graves  et  al.,  1974;  Miller  et  al.,  1970;  Rail  et  al.,  1969) 
Meringis  bilsingi  (Graves  et  al.,  1974) 

Meringis  dipodomys  (Eads  et  al.,  1987) 

Meringis  nidi  (Graves  et  al.,  1974) 

Meringis  rectus  (Graves  et  al.,  1974;  Rail  et  al.,  1969) 

Rhadinopsylla  fraterna  (Rail  et  al.,  1969) 

Rhadinopsylla  multidenticulata  (Graves  et  al.,  1974) 

Stenoponia  americana  (Harkema,  1946;  Harkema  and  Kartman,  1948;  Harlan  and 
Palmer,  1974;  Morlan,  1952;  Poorbaugh  and  Gier,  1961;  Smith  and  Love,  1958; 
Tibbetts,  1953) 

Family  Rhopalopsyllidae 

Polygenis  ambersoni  (Garcia  and  Taliaferro,  1959) 

Polygenis  bohlsi  (Garcia  and  Taliaferro,  1959;  Tipton  and  Machado-Allison,  1972) 
Polygenis  dunni  (Tipton  and  Mendez,  1966;  Tipton  and  Machado-Allison,  1972) 
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Polygenis  gwyni  (Clark  et  al.,  1971;  Eads  and  Menzies,  1949;  Graves  et  al.,  1974; 
Harlan  and  Palmer,  1974;  Lanier,  1951;  Layne,  1971;  Miller  et  al.,  1970,  1975; 
Morlan,  1952;  Rail  et  al.,  1969;  Smith  and  Love,  1958;  Worth,  1950a,  19506,  1951; 
Worth  and  Rickard,  1951) 

Polygenis  klagesi  (Tipton  and  Mendez,  1966;  Tipton  and  Machado- Allison,  1972) 
Polygenis  occidentalis  (Garcia  and  Taliaferro,  1959) 

Polygenis  peronis  (Garcia  and  Taliaferro,  1959;  Tipton  and  Machado-Allison,  1972) 
Polygenis  roberti  (Garcia  and  Taliaferro,  1959;  Tipton  and  Machado-Allison,  1972) 
Rhopalopsyllus  dunni  (Harkema,  1936) 

Rhopalopsyllus  gwyni  (Harkema  and  Kartman,  1948;  Sanford  and  Hays,  1974) 
Rhopalopsyllus  sigmodoni  {Weixktmei,  1936;  Shasftesbury,  1934) 

Tiamastus  klagesi  (Machado-Allison  and  de  McLure,  1963) 

Family  Pulicidae 

Cediopsylla  simplex  (Harlan  and  Palmer,  1974) 

Ctenocephalides  canis  {L?LynQ,  1971;  Worth,  1950a,  19506) 

Ctenocephalides  felis  (Harlan  and  Palmer,  1974;  Layne,  1971;  Morlan,  1952;  Tipton 
and  Machado-Allison,  1972) 

Echidnophaga  gallinacea  (Hedeen,  1953;  Hugghins,  1949,  1951;  Layne,  1971;  Morlan, 
1952;  Smith  and  Love,  1958;  Worth,  1950a,  19506) 

Euhoplopsyllus  glacialis  (Graves  et  al.,  1974;  as  Hoplopsyllus  glacialis — Layne,  1971; 

Rail  et  al.,  1969;  as  Hoplopsyllus  affinis — Irons  et  al.,  1952;  Meadows,  1968) 
Xenopsylla  cheopis  (Clark  et  al.,  1971;  Garcia  and  Taliaferro,  1959;  Harkema,  1936 
Layne,  1971;  Morlan,  1952;  Shaftesbury,  1934;  Tipton  and  Machado-Allison,  1972; 
Trembley  and  Bishopp,  1940;  Worth,  1950a,  19506;  Worth  and  Rickard,  1951) 

Arachnida 

Subclass  Acari 
Order  Parasitiformes 
Suborder  Mesostigmata 
Family  Cheyletidae 

Cheyletus  sp.  (Morlan,  1952) 

Family  Parasitidae 

Parasitus  americanus  (Morlan,  1952) 

Family  Macrochelidae 

Macrocheles  sp.  (Ellis,  1955;  Morlan,  1952;  Smith  and  Love,  1958) 

Family  Dermanyssidae  (Meadows,  1968) 

Family  Laelapidae 

Androlaelaps  casalis  (as  Haemolaelaps  megaventralis — Morlan,  1952;  Strandt- 
mann,  1947;  Strandtmann  and  Wharton,  1958;  as  Laelaps  megaventralis — Smith 
and  Love,  1958) 

Androlaelaps  fahrenholzi,  (Furman,  1972;  Harlan  and  Palmer,  1974);  as 
Articholaelaps  glasgowi — Harkema,  1946;  Harkema  and  Kartman,  1948; 
Hugghins,  1949,  1951;  as  Haemolaelaps  glasgowi — Ellis,  1955;  Hays  and 
Guyton,  1958;  Henry  and  McKeever,  1971;  Irons  et  al.,  1952;  Morlan,  1952; 
Strandtmann  and  Wharton,  1958;  Tipton  et  al.,  1966;  Worth,  1950a,  19506, 
1951;  Worth  and  Rickard,  1951;  as  Laelaps  glasgowi — Smith  and  Love,  1958) 
Androlaelaps  geomys  (as  Atricholaelaps  sigmodoni — Harkema  and  Kartman,  1948; 

Randolph  and  Eads,  1946;  Strandtmann,  1946) 

Androlaelaps  grandiculata  (Irons  et  al.,  1952) 

Androlaelaps  rotundus  (Furman,  1972) 

Echinonyssus  talpae  (as  Hirstionyssus  talpae — Herrin,  1970) 


PARASITES  OF  COTTON  RATS 


389 


Eulaelaps  stabularis  (Harlan  and  Palmer,  1974;  Hays  and  Guyton,  1958;  Morlan, 
1952;  Smith  and  Love,  1958) 

Gigantolaelaps  gilmorei  (Tipton  et  al.,  1966) 

Gigantolaelaps  mattogrossensis  (Furman,  1972;  as  Gigantolaelaps  cricetidarum — 
Morlan,  1951,  1952;  Strandtmann  and  Wharton,  1958) 

Gigantolaelaps  oudemansi  (Tipton  et  al.,  1966) 

Gigantolaelaps  wolffsohni  (Tipton  et  al.,  1966) 

Haemogamasus  liponyssoides  (Hays  and  Guyton,  1958;  Strandtmann  and 
Wharton,  1958;  as  Euhaemogamasus  liponyssoides — Keegan,  1951;  Morlan, 
1952) 

Hypoaspis  leviculus  (as  Androlaelaps  leviculus — Eads,  1951) 

Hypoaspis  lubrica  (as  Hypoaspis  tnurinus — Morlan,  1952;  Strandtmann  and 
Menzies,  1948) 

Hypoaspis  miles  {2ls  Cosmolaelaps  gurabensis — Ellis,  1955) 

Hypoaspis  missouriensis  (as  Gymnolaelaps  missouriensis — Ellis,  1955) 

Laelaps  sp.  (Worth,  1950^,  19506) 

Laelaps  dearmasi  (Furman,  1972;  Tipton  et  al.,  1966) 

Laelaps  echidnina  (Harlan  and  Palmer,  1974;  as  Echidnolaelaps  echidninus — 
Tibbetts,  1953) 

Laelaps  kochi  (Whitaker  and  Wilson,  1974) 

Laelaps  mazzai  (Furman,  1972) 

Laelaps  ovata  (Furman,  1972) 

Laelaps  paulistanensis  (Furman,  1972) 

Mysolaelaps  missouriensis  (Smith  and  Love,  1958) 

Steptolaelaps  heteromys  (Strandtmann  and  Wharton,  1958) 

Family  Listrophoridae 

Geomylichus  klebergi  (Fain  and  Hyland,  1974;  Fain  et  al.,  1978) 

Family  Macronyssidae 

Acanthonyssus  sp.  (as  Ichoronyssus  sp. — Randolph  and  Eads,  1946) 

Acanthonyssus  dentipes  (Henry  and  McKeever,  1971;  as  Ichoronyssus  dentipes — 
Strandtmann  and  Eads,  1947;  as  Neoichoronyssus  dentipes — Irons  et  al.,  1952; 
Strandtmann  and  Wharton,  1958;  Yunker  and  Radovsky,  1966) 

Acanthonyssus  proechimys  (Yunker  and  Saunders,  1973) 

Chiroptonyssus  robustipes  (Whitaker  and  Wilson,  1974) 

Ornithonyssus  sp.  (as  Bdelonyssus  sp. — Morlan,  1952;  as  Liponyssus  sp. — 
Meadows,  1968) 

Ornithonyssus  bacoti  (Hays  and  Guyton,  1958;  Phillis  et  al.,  1976;  Strandtmann 
and  Wharton,  1958;  Yunker  and  Radovsky,  1966;  as  Bdellonyssus  bacoti — Irons 
et  al.,  1952;  Morlan,  1952;  Smith  and  Love,  1958;  as  Liponyssus  bacoti — 
Bertram  et  al.,  1946;  Hugghins,  1949;  Randolph  and  Eads,  1946;  Williams  and 
Brown,  1945;  Worth,  1950a,  19506,  1950£',  1951;  Worth  and  Rickard,  1951) 
Ornithonyssus  wernecki  (Strandtmann  and  Wharton,  1958;  as  Neoichoronyssus 
wernecki  Morlan,  1952) 

Family  Myobiidae 

Radfordia  ensifera  (Smith  and  Love,  1958) 

Radfordia  sigmodontis  (Henry  and  McKeever,  1971;  McKeever  and  Henry,  1972) 
Family  Myocoptidae 

Trichoecius  tenax  (Henry  and  McKeever,  1971) 

Family  Uropodidae 

Uropoda  sp.  (Smith  and  Love,  1958) 

Suborder  Ixodida  (=Metastigmata) 
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Family  Argasidae 

Ornithodoros  sp.  (Meadows,  1968) 

Ornithodoros  chironectes  (Jones  and  Clifford,  1972) 

Ornithodoros  talaje  (Eads  et  al.,  1956;  Eads  and  Hightower,  1952;  Irons  et  al., 
1952) 

Family  Ixodidae 

Amhlyomma  sp.  (Jones  et  al.,  1972;  Yunker  et  al.,  1975) 

Amhlyomma  americanum  (Brennan,  1945«,  I945Z);  Clymer  et  al.,  1970;  Harlan  and 
Palmer,  1974;  Hugghins,  1949,  1951;  Lancaster,  1973;  Randolph  and  Eads,  1946; 
Rhodes  and  Norment,  1979) 

Amhlyomma  auricularium  (Fairchild  et  al.,  1966) 

Amhlyomma  cajennense  (Jones  et  al.,  1972) 

Amhlyomma  inornatum  (Eads  and  Borom,  1975;  Eads  et  al.,  1956) 

Amhlyomma  maculatum  (Bishopp  and  Hixon,  1936;  Ellis,  1955;  Morlan,  1952; 

Smith  and  Love,  1958;  Worth,  1950«,  1950^) 

Amhlyomma  parvum  (Dunn,  1923;  as  A.  parvus — Harkema,  1936;  Keirans,  1985) 
Haemaphysalis  leporispalustris  (Lancaster,  1973;  Morlan,  1952;  Smith  and  Love, 
1958) 

Ixodes  sp.  (Fairchild  et  al.,  1966;  Jones  et  al.,  1972;  Meadows,  1968;  Worth,  1950a, 
1950^) 

Ixodes  affinis  (Oliver  et  al.,  1987) 

Ixodes  hishoppi  (Morlan,  1952) 

Ixodes  cookei  (Lancaster,  1973) 

Ixodes  eadsi  (Kohls  and  Clifford,  1964) 

Ixodes  luciae  (Jones  et  al.,  1972) 

Ixodes  texanus  (Harlan  and  Palmer,  1974) 

Ixodes  woodi  (Eads  et  al.,  1956;  Irons  et  al.,  1952) 

Dermacentor  variahilis  (Bishopp  and  Smith,  1936;  Bishopp  and  Trembley,  1945; 
Eads  et  al.,  1956;  Harkema,  1946;  Harkema  and  Kartman,  1948;  Harlan  and 
Palmer,  1974;  Henry  and  McKeever,  1971;  Irons  et  al.,  1952;  Lancaster,  1973; 
Morlan,  1952;  Rhodes  and  Norment,  1979;  Travis,  1941;  Wilson  and  Kale,  1972; 
Worth,  1950«,  1950^,  1951) 

Rhipicephalus  sanguineus  (Rhodes  and  Norment,  1979) 

Suborder  Prostigmata 
Family  Trombiculidae 
Trombiculidae  (Smith  and  Love,  1958) 

Asoschoengastia  dyscrita  (Brennan  and  Yunker,  1966) 

Crotiscus  desdentatus  (Brennan  and  Yunker,  1966) 

Euschoengastia  diversa  (Loomis,  1956) 

Euschoengastia  peromysci  (Loomis,  1956) 

Euschoengastia  trigenuala  (Loomis,  1956) 

Euschoengastoides  loomisi  (Loomis  and  Crossley,  1963) 

Euschoengastoides  neotomae  (Loomis,  1971) 

Eutromhicula  sp.  (Worth,  1951) 

Eutromhicula  alfreddugesi  (Brennan  and  Reed,  1974^;  Brennan  and  Yunker,  1966; 
Loomis,  1969;  Loomis  and  Crossley,  1963  (as  Tromhicula  alfreddugesi — Loomis, 
1956;  Morlan,  1952) 

Eutromhicula  batatas  (Brennan  and  Reed,  1974/?;  Brennan  and  Yunker,  1966; 
Loomis,  1969;  Worth,  1950fl) 

Eutromhicula  goeldii  (Brennan  and  Reed,  1974/?;  Brennan  and  Yunker,  1966) 
Eutromhicula  lipovskyana  (as  Tromhicula  lipovskyana  Loomis,  1956) 

Eutromhicula  multisetosa  (Ewing,  1943;  Worth,  1950a,  1950/?) 
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Eutrombicula  splendens  {Mot\B.n,  1952;  Worth,  1950a,  1950/?) 

Eutrombicula  tropica  (Brennan  and  Reed,  \914b) 

Fonsecia  gurneyi  (as  Trombicula  gurneyi  Loomis  and  Crossley,  1963) 

Intercutestrix  exigua  (Brennan  and  Reed,  1974a) 

Intercutestrix  tryssa  (Brennan  and  Yunker,  1966) 

Leptotrombidium  panamense  (Brennan  and  Yunker,  1966;  Ewing,  1925;  Harkema, 
1936;  Loomis,  1969) 

Neotrombicula  lipovskyi  (as  Trombicula  lipovskyi — Loomis  1956) 

Neotrombicula  whartoni  (Loomis  and  Crossley,  1963;  as  Trombicula  whartoni — 
Brennan  and  Wharton,  1950;  Harkema  and  Kartman,  1948) 

Odontacarus  cayolargoensis  (Brennan,  1959;  Loomis,  1969;  Loomis  and  Crossley, 
1963) 

Odontacarus  dentatus  (Brennan,  1959;  as  Trombicula  dentatus — Harkema,  1936) 
Odontacarus  fieldi  (Brennan  and  Yunker,  1966) 

Odontacarus  unicus  (Goff  and  Brennan,  1978) 

Pseudoschoengastia  bulbifera  (Brennan  and  Yunker,  1966;  Geest  and  Loomis, 
1968) 

Pseudoschoengastia  farneri  (Loomis,  1956) 

Pseudoschoengastia  hungerfordi  (Loomis,  1956) 

Pseudoschoengastia  scitula  (Loomis,  1969) 

Pseudoschoengastia  zona  (Brennan  and  Yunker,  1966;  Geest  and  Loomis,  1968) 
Trombicula  dunni  (Brennan  and  Yunker,  1966) 

Suborder  Astigmata 
Family  Listrophoridae 

Geomylichus  klebergi  (as  Listrophorus  klebergi — McDaniel,  1965) 

Prolistrophorus  sp.  (as  Listrophorus  sp. — Worth,  1950/?) 

Prolistrophorus  bakeri  (Fain  and  Hyland,  1974;  as  Listrophorus  bakeri — Henry 
and  McKeever,  1971;  Morlan,  1952;  Radford,  1948;  Smith  and  Love,  1958) 
Suborder  Oribatida 
Family  Oribatellidae 

Nothrus  sp.  (Smith  and  Love,  1958) 

Oribatella  sp.  (Ellis,  1955) 
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Abstract. — The  maximin  efficiency  robust  test  for  testing  that  two  samples  come  from 
the  same  distribution  against  the  alternative  that  they  come  from  two  gamma  distributions 
differing  in  scale  has  been  studied  and  shown  to  have  a  Pitman  asymptotic  relative 
efficiency  of  at  least  95  percent  relative  to  the  optimum  test.  In  this  article,  we  study  this 
maximin  test  relative  to  a  class  of  distribution  containing  two  distributions  that  are  the 
extreme  members  of  the  gamma  class  and  present  results  that  complement  the  work  of 
Gastwirth  and  Mahmoud  (1986).  Key  words:  maximin  rank  test;  gamma  distribution. 

The  problem  of  testing  whether  two  populations  differ  in  scale  is  a 
common  problem  in  the  application  of  statistics  to  the  analysis  of  many 
types  of  data.  The  usual  test  for  testing  the  equality  of  variances  of  two 
distributions  is  the  F-test,  which  assumes  the  underlying  distributions  are 
normal.  It  is  well  known  that  even  slight  departures  from  normality 
vitiate  the  use  of  the  standard  F-test,  that  is,  the  F-test  is  not  robust  for 
such  tests.  Consequently,  numerous  nonparametric  tests  have  been 
proposed  for  testing  the  equality  of  scale  parameters,  many  of  which  are 
discussed  in  Duran  (1976). 

A  very  popular  distribution  that  occurs  in  practice  is  the  gamma 
distribution,  and  the  specific  problem  of  testing  the  equality  of  scale  of 
two  gamma  distributions  occurs  in  weather  modification  studies  (Neyman 
and  Scott,  1965),  reliability  analysis  (Lawless,  1982),  and  signal  detection 
(Woinsky,  1972).  It  is  well  known  that  an  optimum  rank  test  can  be 
constructed  for  any  probability  density  function  (p.d.f.)  belonging  to  a 
family  of  p.d.fs,  f  -  {/}.  Gastwirth  (1966,  1970)  proposed  the  concept  of 
maximin  efficiency  robust  rank  test  (MERT),  which  maximizes  the 
minimum  asymptotic  relative  efficiency  (ARE)  that  the  test  can  take 
relative  to  the  optimum  test  for  each  p.d.f.  of  the  family  f.  In  the  case  of 
the  gamma  family,  where  the  p.d.f.  is  gamma  with  shape  parameter  k, 
Gastwirth  and  Mahmoud  (1986)  obtained  the  MERT  in  terms  of  the 
Savage  and  normal  scores  test  statistics,  which  are  known  to  be  optimal 
for  the  exponential  (/:=!)  and  normal  {k  -  p.d.f. ’s,  respectively. 
Moreover,  the  exponential  and  normal  p.d.f. ’s  are  “extreme”  members  of 
the  gamma  family.  The  purpose  of  this  article  is  to  examine  and 
comment  on  the  MERT  as  it  relates  to  gamma  scale  alternatives,  thus 
complementing  the  work  of  Gastwirth  and  Mahmoud  (1986). 
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Preliminaries  and  Notation 

Let  Xi,...,Xni  and  Yi,...,Yn  denote  independent  random  samples  from 
continuous  cumulative  distribution  functions  (c.d.f.’s)  F  and  G,  respec¬ 
tively.  Suppose  we  wish  to  test  Ho:G(x)  =  F(x),  for  all  x,  against  the  scale 
alternative  Ha:G(x)  =  F(x/0),  0  >  0.  Numerous  test  statistics  for  testing 
Ho  may  be  given,  using  the  approach  of  Chernoff  and  Savage  (1958)  or 
Hajek  and  Sidak  (1967),  in  terms  of  a  J-function  defined  on  [0,1]  and 
normalized  so  that  J{u)du  =  0  and  /q  J^{u)du  -  1.  The  corresponding 
rank  test  statistic  is 


where  N  -  n  m  and  Zni  =  1,  if  the  zth  smallest  value  in  the  combined 
sample  is  an  X,  and  Zni  =  0,  otherwise.  Some  popular  tests  for  testing 
against  gamma  scale  alternatives  are  the  Wilcoxon  test,  J{u)  -  2\/3(i^“l/ 
2);  the  squared  rank  test,  J{u)  -  vS^(w^~l/3)/2;  and  the  Savage  test,  J{u) 
-  —  ln{\—u)—\.  The  gamma  family  of  p.d.f.’s  is  defined  by 

g(x;k.e)  =  — - — X  >  0,  e  >  0,  >  0,  (2.1) 

T(k)ei< 

where  6  and  k  are  the  scale  and  shape  parameters,  respectively.  If  one 
uses  /:  >  1,  then  the  gamma  family  ranges  from  the  exponential  {k  -  1)  to 
the  normal  {k  -  ^o),  and  these  two  p.d.f.’s  are  said  to  be  the  extreme 
members  (Gastwirth,  1970)  of  the  gamma  family  when  k  >  \.  These 
extreme  members  are  used  by  Gastwirth  and  Mahmoud  (1986)  to 
construct  the  MERT  for  the  entire  family. 

In  Gastwirth  and  Mahmoud  (1986)  the  MERT  is  defined  by  the  score 
function 


R(u)  -  {Hu)  +  /2(z^)]/[2(1  (2.2) 

with  J\{u)  -  —In  {\  —  u)  —  1  and  JiH)  -  ^  k^)?  where  $"‘(w)  is  the 
inverse  of  the  standard  normal  c.d.f.,  and  pi  -  Jq  J\{u)J2{u)du  -  .90228. 

Following  Gastwirth  (1970),  Gastwirth  and  Mahmoud  (1986)  showed 
by  computation  that  the  MERT  for  the  gamma  class  (2.1)  attains  a 
minimum  ARE  of  (1  +  pi)/2  =  .951  at  the  extremes  {k  -  1  and  k  -  Q®). 
Their  computations  demonstrate  that  the  ARE  of  the  MERT  is  .9501  for 
/c  =  1,  increases  to  .9955,  for  k  -  A,  and  then  steadily  decreases  to  .9738, 
for  k  -  30;  however,  they  did  not  demonstrate  analytically  that  this 
quantity  equals  .951  for  /:  =  ©o  (or  for  k  -  1). 

In  considering  the  score  function  R{u)  in  (2.2),  it  is  well  known  that 
J\{u)  =  —  /z?  (1  —  iz)  —  1  is  an  optimum  score  function  under  exponential 
scale  alternatives  and  J2{u)  -  {u)  is  an  optimum  score  function  for 

normal  location  alternatives.  The  gamma  p.d.f.  g(x;  k,  6)  is  asymptoti- 
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cally  normal  with  mean  kS  and  variance  in  the  sense  that  if  X  has  the 
p.d.f.  g{x;  k,  6)  then  (X  —  kd)l\/lcd)  has  a  limiting  standard  normal  p.d.f. 
The  asymptotic  distribution  corresponding  to  g(x;  k,  6)  is  thus 

1  1  f  x-kd  \  2 

h(x;  k,  d)  =  — 4=r  ^  .  (2.3) 

yJlTvkd 

It  is  noted  that  the  parameter  6  does  not  enter  into  the  limiting  normal 
distribution  exclusively  as  a  location  parameter. 

It  will  be  shown  in  the  next  section  that  Jiiu)  -  <!>"'  (u)  is  not  in  fact 
the  optimum  score  function  for  the  limiting  normal  distribution  (2.3); 
however,  a  test  based  on  Jiiu)  is  asymptotically  as  efficient  (in  Pitman 
sense)  as  the  optimal  test. 

The  class  {g(;>(:;  1,  0),  h{x;  k,  6),  k  >  1}  contains  the  exponential  p.d.f. 
g(x;  1,  6)  -  (1/0)  and  the  normal  {k  -  «^).  The  determination  of  the 
extremes  of  this  class  is  not  of  interest,  however,  it  can  be  used  to  study 
the  extremes  of  the  gamma  class  as  is  done  in  the  next  section. 

On  the  Asymptotic  Relative  Efeiciency  of  Mert 

In  this  section,  we  first  derive  the  optimum  score  function  for  the 
limiting  normal  distribution  given  by  (2.3),  and  then  prove  analytically 
that  the  minimum  ARE  of  the  MERT  with  respect  to  the  optimum  test  is 
.951.  Finally,  we  make  further  remarks  on  the  ARE  of  the  Savage  and 
normal  scores  tests. 

Appealing  to  a  general  theorem  of  Hajek  and  Sidak  (1967:71),  the 
optimal  score  function  for  testing  Ho:  G(x)  =  H(x;  k,  1)  against  Ha:  G{x) 
-  H(a:;  k,  6),  6  >  \  is  given  by 

J(u)  =  s/k^~'{u)  +  ^~\u)  -  1,  0  <  «  <  1,  (3.4) 

where  =  ('i'  Y-  The  fact  that  J{u)  depends  on  the  unknown  (nuisance) 
shape  parameter  k  deems  the  statistic  based  on  J{u)  awkward  in 
applications  but  nevertheless  it  is  still  useful  in  making  ARE 
comparisons. 

According  to  Hajek  (1962),  the  ARE  of  a  test  based  on  the  score 
function  L(w),  say,  with  respect  to  the  optimum  test,  based  on  the  score 
function  J{u),  is  given  by 


ARE(UJ)  = 


[/„‘  L(u)J{u)du]^ 

[/o'  L\u)du] [po  J\u)du] 


(3.5) 


Routine  calculation  shows  that 
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ARE{J2,J) 


k 

k+2 


as  oo, 


that  is,  the  normal  scores  test  is  asymptotically  as  efficient  as  the 
optimum  test.  Furthermore,  the  ARE  of  the  Savage  test  with  respect  to 
the  optimal  test  for  /:  =  c*©  is 

lim  ARE(Jx,J)  =  lim  (\Api  +  =  p\  =  0.8141,  (3.6) 

k^oo  k—o^  k~\~2 


where  pi  is  defined  in  relation  with  (2.2)  and 

-  /o'  [-In  1]  [4>-^(»)  -  l]du 


This  complements  the  ARE  comparisons  of  the  Savage  test  with  the 
optimum  tests  carried  out  by  Gastwirth  and  Mahmoud  (1986). 
Combining  their  results  with  (3.6)  shows  that  ARE  (Savage,  Optimum) 
starts  at  1  and  steadily  decreases  to  .8141.  On  the  other  hand,  ARE 
(Normal  scores,  optimum)  starts  at  .8141  and  steadily  increases  to  1. 
Finally  the  ARE  of  MERT  with  respect  to  the  optimum  test  is 


ARE(RJ)  = 


[/o'  R(u)J{u)duY 
£R\u)du£  f  (u)du 


{\/kpi  +  \/k  +  \/2p2f 

ARE(R,J)  = - 

2(1  +p,)  (k  +  2) 


and 


(1  +  pi)^ 

lim  ARE(R,J)  -  , — r 

A'^oo  (1  '  Pi) 

1  +  pi 

= - - -0.951 

The  usefulness  of  procedures  such  as  MERT  cannot  be  overstressed, 
especially  in  relation  to  classes  of  p.d.f.’s  such  as  the  gamma,  which  occur 
in  applications  in  many  disciplines.  The  results  in  this  paper  serve  to 
complement  the  work  of  Gastwirth  and  Mahmoud  (1986). 
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Abstract. — Five  extant  syntypes  of  Sceloporus  poinsettii  Baird  and  Girard  are  from  two 
disparate  localities.  All  syntypes  are  described  and  illustrated,  and  both  localities  restricted. 
Of  two  specimens  bearing  the  same  number  (USNM  2952),  the  large  male  is  designated 
lectotype,  the  female  a  paralectotype.  The  type  locality  is  restricted  to  either  the  southern 
part  of  the  Big  Burrow  Mountains  or  the  vicinity  of  Santa  Rita,  Grant  Co.,  New  Mexico. 
Key  words:  Sceloporus  poinsettii',  syntypes;  lectotype;  type  locality. 


This  report  is  a  by-product  of  an  on-going  study  of  geographic 
variation  of  Sceloporus  poinsettii  Baird  and  Girard  (external  morphologi¬ 
cal  features  of  scutellation  and  pattern).  Five  syntypes  are  from  two 
different  localities.  Because  the  suite  of  characteristics  of  specimens  from 
these  two  localities  suggests  two  recognizable  populations  (compare  Figs. 
1  and  2),  it  is  necessary  to  1)  describe  the  type-material  and  designate  a 
lectotype,  and  2)  restrict  the  type  locality. 

Type  Material 

Baird  and  Girard  in  their  original  description  of  Sceloporus  poinsettii 
(1852)  mentioned  two  localities — “Rio  San  Pedro  of  the  Rio  Grande  del 
Norte,  and  the  province  of  Sonora”  (p.  127) — and  that  specimens  were 
“collected  by  John  H.  Clark,  under  Col.  J.  D.  Graham”  during  the 
survey  of  the  Mexican  boundary  (p.  125).  Later  Baird  (1859:5)  associated 
the  museum  number  (USNM)  2952  with  Sonora,  and  2948  with  San 
Pedro.  Yarrow  (1883:58)  recorded  one  specimen  of  USNM  2952  from 
Sonora  and  two  specimens  of  USNM  2948  from  San  Pedro.  Cope 
(1900:353),  however,  noted  two  specimens  assigned  to  USNM  2952  from 
Sonora,  and  three  specimens  to  USNM  2948  from  San  Pedro.  Smith 
(1938:607,  1939:223)  and  Smith  and  Taylor  (1950^:125)  recorded  the  type 
material  as  consisting  of  four  cotypes — USNM  2948  (two  specimens)  and 
2952  (two  specimens).  Cochran  (1961:141)  listed  five  cotypes — 2948  (two 
specimens)  and  131668  from  the  Rio  San  Pedro  of  the  Rio  Grande  del 
Norte,  Texas,  and  USNM  2952  (two  specimens)  from  Province  of 
Sonora,  Mexico. 

The  five  syntypes  mentioned  by  Cochran  are  extant  in  the  collections 
of  The  National  Museum  of  Natural  History  (USNM).  All  are  indicated 
as  cotypes  in  the  respective  USNM  catalogue  entries.  One  syntype, 
USNM  131668  was  originally  tagged  2948  (as  noted  in  catalogue  entry 
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Figure  1.  Dorsal  and  ventral  views  of  lectotype  (adult  male,  right)  and  paralectotype  (adult 
female,  left)  of  Sceloporus  poinsettii,  USNM  2952  (two  specimens),  from  either  the 
southern  part  of  the  Big  Burrow  Mts.  or  the  vicinity  of  Santa  Rita,  Grant  Co.,  New 
Mexico. 

for  131668),  and  is  in  the  specimen  jar  with  the  two  syntypes  of  USNM 
2948;  there  is  no  indication  in  either  ledger  entry  explaining  the  shift  in 
numbers.  Museum  catalogue  and  card  file  entries  provide  no  additional 
data  of  collection.  The  original  description  of  S.  poinsettii  (Baird  and 
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Figure  2.  Dorsal  view  of  three  Texas  syntypes  of  Sceloporus  poinsettii  (USNM  131668, 
right;  USNM  2948,  two  specimens,  left)  from  “Rio  San  Pedro.” 

Girard,  1852)  was  published  prior  to  data  transcription  in  the  USNM 
catalogue,  which  was  not  initiated  for  reptiles  until  1856  (Stejneger,  1940; 
Axtell,  1981:215). 


Localities  of  Syntypes 

All  five  syntypes  were  collected  in  1851  during  the  survey  of  the  U.S.- 
Mexican  Boundary,  and  credited  to  the  tandem  of  J.  D.  Graham  and/or 
J.  H.  Clark.  The  Boundary  Commission  was  composed  of  civilians  and 
military  officers,  the  latter  comprising  the  Topographical  Engineers,  a 
branch  of  the  U.S.  Army.  Brevet  Lieut.  Col.  James  Duncan  Graham  of 
the  Topographical  Engineers  and  Head  of  the  Scientific  Corps  was 
detailed  for  service  on  the  Boundary  Commission  on  23  October  1850  to 
replace  Lieut.  Col.  John  McClellan;  Graham’s  party  included  Mr.  John 
Henry  Clark  as  Zoologist  and  Assistant  Computer.  As  previously  noted, 
the  five  syntypes  of  S.  poinsettii  are  from  two  different  localities — Rio 
San  Pedro  of  the  Rio  Grande  del  Norte,  USNM  2948  (two  specimens) 
and  131668,  and  Province  of  Sonora,  USNM  2952  (two  specimens). 
These  two  localities  are  discussed  below. 

Rio  San  Pedro — The  U.S.  Boundary  Commissioner,  John  R.  Bartlett, 
impatient  after  five  months  awaiting  the  arrival  of  Graham  in  El  Paso  del 
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Norte  (hereafter  as  El  Paso;  name  changed  to  Ciudad  Juarez  in  1882), 
moved  to  the  Copper  Mines  on  19  April  (arriving  2  May)  1851  to  set  up 
the  new  Boundary  Commission  headquarters.  Previously,  from  late 
August  into  December  1850,  the  Commission  (with  Bartlett  and 
McClellan)  had  disembarked  at  Indianola,  Texas,  traveled  to  San 
Antonio,  and  in  mid-October  journied  westward  in  two  detachments  to 
El  Paso.  Bartlett  traveled  a  northern  route,  the  Upper  Road  (details  in 
Bartlett,  1854,  I),  whereas  McClellan’s  party  traveled  a  southern  route, 
the  Lower  Road.  Graham’s  party  followed  a  few  months  later,  traveling 
from  Indianola  to  San  Antonio  (movements  chronicled  by  Axtell,  1981) 
and  via  the  Lower  Road  to  El  Paso. 

The  three  syntypes  from  the  Rio  San  Pedro  were  obtained  by  the 
Graham  party  along  the  Lower  Road  from  San  Antonio  to  El  Paso.  This 
Lower  Road  was  established  by  Lieutenants  William  H.  C.  Whiting  and 
William  E.  Smith  of  the  Topographical  Engineers  on  their  return  trip 
from  El  Paso  to  San  Antonio  in  early  1849.  Colonel  Joseph  E. 
Johnston’s  reconnaissance  later  the  same  year  provided  two  minor 
changes  in  route — “one  between  the  lower  ford  of  the  Rio  San  Pedro  and 
the  Pecos,  the  other  in  avoiding  the  mountains  in  the  approach  to  the 
Rio  Grande”  (Goetzmann,  1965:231-232).  This  Lower  Road  became  an 
important  inland  commercial  and  stage  route  and  served  frontier  army 
posts  and  future  towns.  The  finalized  route  traveled  by  Graham  and 
Clark  in  1851  is  judged  to  be  that  depicted  on  a  1876  Texas  map  (route 
lacking  for  short  distance  west  of  San  Antonio)  in  Rand  McNally’s 
Pioneer  Atlas  of  the  American  West  (1956).  Precise  dates  of  travel  are 
unknown,  except  that  Graham  probably  left  San  Antonio  a  few  days 
after  he  arrived  there  on  5  May  (Axtell,  1981),  and  that  Graham  arrived 
in  El  Paso  on  24  June  1851  (Bartlett,  1854,  1:303,  footnote).  Axtell 
(1981:212)  noted  that  Graham  sent  specimens  from  El  Paso  to  the 
USNM  in  July  1851. 

The  route  of  travel  west  of  San  Antonio  generally  coincides  with  the 
present-day  route  of  U.S.  Highway  90  to  Del  Rio.  The  road  coursed  west 
to  two  forts  (both  established  in  1849 — Frazer,  1965),  Fort  Lincoln  (west 
bank  of  Rio  Seco  near  D’Hanis)  and  Fort  Inge  (east  bank  of  Leona 
River  near  Uvalde),  then  across  the  Nueces  River  to  upper  Los  Moras 
Creek  (future  site  of  Fort  Clark  and  Brackettville).  The  route  then 
continued  almost  due  west  to  (presumably)  San  Felipe  Springs  (near  Del 
Rio),  angled  northwest  to  cross  the  Rio  San  Pedro  (=  Devils  River),  and 
then  traversed  open  country  before  turning  north  to  intersect  the  Rio  San 
Pedro  at  the  future  site  of  Camp  Hudson  (established  on  7  June  1857  on 
the  west  bank,  about  12  miles  north  of  Comstock — Frazer,  1965);  the 
route  seems  generally  to  coincide  with  that  of  present-day  U.S.  Highway 
90  from  the  crossing  of  the  Devils  River  to  Comstock  and  State  Highway 
273  north  to  the  crossing  of  the  Devils  River.  The  road  then  continued 
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north  along  the  west  bank  of  the  Rio  San  Pedro  for  about  six  or  seven 
miles  before  curving  northwest  and  west  (through  southern  Crockett 
County)  to  cross  the  Pecos  River  a  few  miles  south  of  the  confluence 
with  Independence  Creek.  After  crossing  the  Pecos  the  direction  was 
north  along  the  west  bank  to  a  point  a  short  distance  north  of  present- 
day  Iraan.  The  route  then  coursed  westward  through  present-day  Fort 
Stockton,  Fort  Davis,  and  Van  Horn  to  the  future  site  of  Fort  Quitman 
on  the  Rio  Grande,  then  followed  the  Rio  Grande  Valley  northwest  to  El 
Paso. 

Thus  the  travel  route  of  Graham  and  Clark  broached  the  Rio  San 
Pedro  (=  Devils  River)  in  two  general  areas — at  the  river  crossing 
northwest  of  Del  Rio,  and  along  the  west  bank  of  the  Rio  San  Pedro  for 
about  seven  miles  north  of  Camp  Hudson.  The  Graham-Clark  specimens 
of  S.  poinsettii  from  the  Rio  San  Pedro  could  have  come  from  either  of 
these  two  areas,  possibly  from  intervening  terrain.  The  three  syntypes, 
obtained  in  May-June  1851,  are  from  Val  Verde  County,  but  the  locality 
cannot  be  restricted  to  a  specific  site. 

Sonora. — Stejneger  (1940)  remarked  that  the  USNM  received  Sonora- 
labelled  specimens  from  Graham  in  1852,  and  that  such  specimens  were 
obtained  in  September  1851  on  a  trip  from  the  Cobre  Mines  to  Santa 
Cruz.  This  trip,  undertaken  to  meet  with  the  Mexican  Commissioner,  is 
detailed  in  Bartlett  (1854,  I).  Most  of  the  territory  traversed  is  now  part 
of  Arizona  (Santa  Cruz  in  present-day  Sonora)  and  was  included  in  the 
Gadsden  Purchase  of  1853  that  settled  the  U.S. -Mexican  boundary 
dispute. 

The  Graham  party,  after  arrival  in  El  Paso  from  San  Antonio, 
departed  El  Paso  for  the  Copper  Mines  (arriving  2  August  1851)  to 
rendezvou  with  Bartlett.  The  Commission  headquarters  at  the  Santa  Rita 
Copper  Mines  (Santa  Rita  del  Cobre  =  present-day  Santa  Rita)  was  an 
old  Mexican  fort  erected  in  1804  to  protect  the  copper  mines;  when 
abandoned  by  the  Commission  in  October  1851,  the  post  was  occupied 
by  the  army  and  named  Fort  Webster  (Frazer,  1965).  The  Bartlett- 
Graham  troup  (with  J.  H.  Clark)  left  the  Copper  Mines  on  27  August, 
travelling  generally  in  a  southerly  direction.  Enroute  on  28  August,  the 
party  stopped  briefly  at  the  spring  Pacheteje  (about  13  miles  from 
Copper  Mines),  and  encamped  for  the  night  farther  south  at  Ojo  de  Vaca 
(=  Ojo  Vaca,  later  Cow  Springs,  in  northern  part  of  Luna  County  near 
the  Grant  County  line, Pearce,  1965:41;  located  on  map  in  reference 
to  present  boundaries  of  Luna  County  in  Stanley,  1910).  Ojo  de  Vaca 
was  a  crossroads,  with  the  trail  north  to  the  Copper  Mines  intersecting 
Col.  Cooke’s  wagon  route.  On  29  August,  the  party  coursed  westward 
across  an  open  plain  for  some  12  miles,  then  turned  north  into  “a  spur  of 
the  Burrow  Mountains,”  traveled  through  a  narrow  canyon  dense  with 
scrub  oaks,  and  after  five  miles  they  camped  in  a  grassy  meadow  with 
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springs,  which  Bartlett  named  Ojo  de  Inez  (Bartlett,  1854,  1:361-362).  The 
party  traveled  west  from  this  campsite  on  30  August  across  open  plains, 
passed  through  the  Peloncillo  Mts.  to  the  Rio  San  Pedro  (in  Arizona), 
then  proceeded  south  through  the  Santa  Rita  Mountains  to  Santa  Cruz. 

Detailing  the  route  of  travel  west  of  the  Ojo  de  Inez  campsite  is 
unnecessary  inasmuch  as  Sceloporus  poinsettii  is  not  known  to  occur  in 
the  Peloncillo  Mountains  or  elsewhere  along  the  route  of  travel  to  Santa 
Cruz.  Graham  (and  Clark)  traveled  as  far  as  Santa  Cruz  (arriving  on  23 
September),  then  returned  (leaving  on  28  September),  presumably  by  the 
same  route  (details  unknown)  to  the  Copper  Mines.  Graham  (with 
Clark),  then  commenced  surveying  the  Rio  Grande  (completing  only 
eight  miles  between  Frontera  and  El  Paso  del  Norte),  when  he  was 
replaced  in  his  duties  by  Major  William  H.  Emory.  The  Graham-Clark 
specimens  were  sent  from  El  Paso  to  the  USNM  in  the  spring  of  1852 
(Bartlett,  1854,  11:548). 

The  two  Sonora-labelled  syntypes  (USNM  2952),  if  indeed  obtained  on 
this  trip  to  Santa  Cruz  (rather  than  the  vicinity  of  the  Commission 
headquarters  at  the  Copper  Mines),  could  only  have  been  taken  in  Grant 
County,  New  Mexico,  in  one  of  two  areas— either  south  of  the  Copper 
Mines  a  short  distance  along  the  route  but  prior  to  the  Ojo  de  Vaca 
campsite,  or  the  vicinity  of  the  Burrow  Mountains-Ojo  de  Inez  campsite. 
Ojo  de  Inez  cannot  be  precisely  located;  extrapolation  suggests  the 
southern  part  of  the  Big  Burrow  Mountains.  It  is  remotely  possible  that 
the  two  syntypes  were  taken  earlier  on  a  side  trip  (16  May  to  17  June)  by 
Bartlett’s  party.  Bartlett  (awaiting  Graham’s  arrival  at  the  Copper  Mines) 
traveled  south  to  Ojo  de  Vaca,  then  southwest  (via  Cooke’s  wagon  route) 
through  Guadalupe  Pass  to  Agua  Prieta,  Fronteras,  as  far  as  Arispe. 
Collection  of  the  specimens  of  S.  poinsettii  along  this  route  south  of  the 
Copper  Mines  is  likely  only  during  passage  through  the  Animas 
Mountains  (on  19  May,  no  campsite);  however  Graham  and  Clark  did 
not  accompany  Bartlett  on  this  trip. 

Thus,  the  locality  of  the  two  syntypes  (USNM  2952),  obtained  in  late 
August  1851,  cannot  be  restricted  to  one  specific  site.  The  locality  is 
restricted  to  either  the  southern  part  of  the  Big  Burrow  Mountains  or  the 
vicinity  of  Santa  Rita,  Grant  Co.,  New  Mexico. 

Description  of  Syntypes 

USNM  2952  (two  specimens). — Each  has  a  metal  tag  (“2952”)  string-tied  around  neck, 
and  a  paper  tag  (inscriptions  faded,  illegible,  except  “2952”  on  female)  tied  to  right  leg. 
Both  specimens  (adult  male  and  female)  are  rather  firm  and  well  preserved,  but  with  some 
sloughing  of  scales.  Cope  (1900:351)  noted  “2952”  as  having  dorsalmost  body  scales  “very 
obsoletely  carinated”  and  (p.  352)  implied  that  the  dark  body  bands  were  not  “continuously 
colored.”  The  male  was  illustrated  in  Baird  (1859:pl.  29,  figs.  1-3);  these  illustrations  also 
were  noted  on  the  USNM  2952  card  file  entry.  Photographs  of  both  syntypes  are  presented 
here  in  Figure  1. 
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Male  (enlarged  pair  of  postanal  scales):  SVL  ca.  115  mm  and  tail  (incomplete  at  tip)  134 
mm;  about  33  dorsal  and  37  midbody  scales;  dorsalmost  body  scales  smooth;  11-11  large 
femoral  pores  with  minimum  of  10  scales  between  pore  series;  2-2  canthals,  1-1  loreals,  1-1 
preoculars,  prefrontals  separated  by  azygous  scale,  anterior  frontal  longitudinally  divided, 
scales  of  posterior  frontal-frontoparietal  area  irregular,  and  anteriormost  labiomental 
touching  mental  (both  sides).  Top  of  head  brownish  with  pale  spots  and  with  distinct  dark 
brown  lyre-shaped  mark  on  interparietal;  intertympanic  band  area  indistinct  (scales 
sloughed);  dark  crossbands  on  body  interrupted  by  pale  longitudinal  streaks,  with  pattern  of 
dark  longitudinal  lines  (edges  of  scales  black,  some  sloughing  of  scales);  throat  blue-gray 
with  evidence  of  pale  median  streak;  black  groin  blotches  attenuated  anteriomedially  (black 
absent  across  throat,  on  chest,  and  midventrally). 

Female:  SVL  ca.  102-103  mm  and  tail  (incomplete)  90  mm;  10-12  small  femoral  pores 
with  12  scales  separating  pore  series;  anteriormost  labiomental  separated  from  mental  (left) 
or  narrowly  touching  mental  (right  side);  about  32  dorsal  and  38  midbody  scales;  other 
scutellation  features  and  counts  same  as  male  (USNM  2952).  Top  of  head  brownish  with 
some  pale  scales;  posterior  head  markings  indistinct;  body  bands  mostly  complete,  not  well- 
defined,  only  slightly  irregular;  dark  longitudinal  lines  mostly  absent  on  body  (only 
dorsolaterally  on  right  side);  ventral  surfaces  mostly  immaculate. 

USNM  2948  (two  specimens)  and  131668. — Each  has  a  metal  tag  (“2948”)  string-tied 
around  waist;  the  smallest  syntype  has  an  additional  metal  tag  (“131668”)  string-tied  around 
waist  with  the  tag  bearing  number  2948  split  lengthwise.  Specimens  131668  and  smallest  of 
2948  are  rather  firm-bodied,  but  the  largest  of  2948  is  flaccid.  All  three  syntypes  are  males 
(each  with  enlarged  pair  of  postanal  scales)  and  are  here  presented  in  Figure  2. 

USNM  131668:  SVL  about  73  mm  with  only  base  of  tail;  35-36  dorsal  and  35  midbody 
scales;  dorsalmost  body  scales  smooth;  10-11  femoral  pores  with  minimum  of  eight  scales 
between  pore  series;  2-2  canthals  (anterior  touching  lorilabial  row,  separating  subnasal  and 
loreal  on  both  sides),  1-1  loreals,  1-1  preoculars,  and  prefrontals  in  broad  contact;  anterior 
frontal  unevenly  divided  longitudinally  with  left  fragment  a  small  scale  wedged  between 
posterior  frontal  and  left  prefrontal;  posterior  frontal  entire  and  1-1  frontoparietals  touching 
medially  (scales  not  irregularly  subdivided);  inner  row  of  supraoculars  rather  large; 
anteriormost  labiomental  not  contacting  mental  on  either  side.  Black  collar  two  to  three 
scales  wide  with  short  narrow,  black  vertebral  streaks  through  anterior  and  posterior  pale 
borders  of  collar;  top  of  head  brownish  with  dark  postocular  streak  on  left  side,  and  pale 
postocular  blotches  that  flank  dark  median  blotch  on  rear  of  head;  no  pale  intertympanic 
band;  indistinct  crossbanded  pattern  on  body,  with  three  pair  of  vertebral  pale  spots 
(slightly  staggered),  and  with  dark  edges  of  scales  aligned  into  indistinct  dark  longitudinal 
lines;  scales  sloughed  in  supraocular  and  sacral  regions,  and  on  legs;  belly  pale,  lacking 
blue;  throat  with  irregular  dark  marks-barring  and  posterior  median  pale  streak. 

USNM  2948:  SVL  about  88  mm,  with  almost  complete  tail  about  100-105  mm  long 
(partly  severed  in  two  places,  and  tip  missing);  scutellation  same  as  for  USNM  131668, 
exeept  about  39  midbody  scales,  10-10  femoral  pores  separated  by  10  seales,  and  anterior 
and  posterior  frontals  entire  with  1-1  frontoparietals  narrowly  separated  medially.  Black 
collar  about  four  scales  wide  with  narrow  vertebral  black  streaks  through  anterior  and 
posterior  white  borders  of  black  collar;  many  dorsal  body  scales  sloughed,  but  discernable 
patterns  of  pale  postocular  blotches,  indistinct  dark  postocular  stripe  on  left  side,  distinct 
dark  “butterfly”  mark  on  rear  of  head,  and  body  with  indication  of  two  black  vertebral 
blotches  (bandlike  extensions  faded  laterally)  interconnected  by  black  vertebral  streaks;  no 
pale  intertympanic  band;  blue-gray  chin-throat  and  ventrolateral  belly  patches;  black  in 
groin  and  some  dusky  blackish  pigmentation  scattered  on  chest-across  neck  and 
midventrally. 

USNM  2948:  SVL  about  103  mm;  only  base  of  tail;  scutellation  same  as  for  USNM 
131668,  except  about  34  dorsal  and  37  midbody  scales,  10-11  femoral  pores  separated  by 
minimum  of  11  scales,  2-2  canthals  (first  not  touching  lorilabial  row),  anterior  frontal 
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divided  longitudinally  with  right  much  larger  than  left  fragment,  posterior  frontal  irregularly 
divided  into  several  small  scales,  and  scales  of  supraocular  rows  subequal  in  size;  1-1 
preoculars,  but  elongate  subocular  touching  loreal  below  preocular  on  left  side.  Scales 
sloughed  on  rear  of  head,  body,  and  tail,  but  with  indication  of  dark  “butterfly”  mark  on 
rear  of  head,  black  collar  three  scales  wide,  and  three  distinct  dark  vertebral  blotches 
(interconnected  by  dark  vertebral  streaks)  with  faded  bandlike  lateral  extensions;  blue  chin- 
throat  and  ventrolateral  belly  patches;  black  under  neck,  on  chest,  in  groins,  and 
midventrally,  with  few  pale  areas. 

Lectotype  and  Type  Locality 

Baird  and  Girard’s  brief  description  (1852),  otherwise  not  applicable  to 
any  of  the  five  syntypes,  included  “reddish  on  the  back  and  sides,  with 
transverse  dorsal  black  bands.”  These  features  are  most  suggestive  of 
USNM  2952.  The  “reddish”  color  on  sides  of  the  body  is  not  unlike  the 
orangish  lateral  suffusion  of  some  living  males  from  western  New 
Mexico.  USNM  131668  and  both  specimens  of  USNM  2948  have  only  a 
semblance  of  faded,  indistinct  crossbands.  The  distinctive  dark  vertebral 
blotches  of  USNM  2948  (both  specimens)  and  black  vertebral  streaks  (all 
three  Texas  syntypes)  are  not  mentioned  in  the  original  description. 

Yarrow  (1883:58)  referred  to  one  specimen  of  USNM  2952  as  “type.” 
Boulenger  (1897:481,  footnote)  alluded  to  “the  type  specimen  [of  S. 
poinsettii]  figured  by  Baird  and  Girard”;  he  was  doubtless  referring  to  the 
illustration  in  Baird  (1859:pl.  29,  figs.  1-3),  which  without  question 
depicts  the  large  male  of  USNM  2952.  The  mention  of  “type”  and  “type 
specimen”  by  these  two  authors  in  effect  constitutes  designation  of  a 
lectotype  (Internat.  Comm.  Zool.  Nomenclature,  Art.  74a  and  b,  1985). 
Axtell  (1981:215)  noted  correspondence  of  reference  material  mentioned 
in  Baird  (1859)  to  type  material  in  his  earlier  coauthored  descriptions. 
Thus,  the  large  adult  male  (USNM  2952)  that  fits  the  original  description 
of  Baird  and  Girard  (1852)  and  is  figured  by  Baird  (1859)  is  here 
designated  lectotype  of  Sceloporus  poinsettii;  the  female  (USNM  2952) 
becomes  a  paralectotype  (Fig.  1). 

Smith  and  Taylor  (1950a:  125,  1950b:363),  without  documentation, 
restricted  the  type  locality  of  S.  poinsettii  to  the  Rio  San  Pedro  of  the 
Rio  Grande  del  Norte  (=  Devils  River,  Val  Verde  Co.,  Texas). 
Unfortunately,  the  Rio  San  Pedro  is  untenable  as  a  type  locality  because 
the  designated  lectotype  and  paralectotype  (USNM  2952)  are  from  New 
Mexico.  Therefore,  the  type-locality  of  S.  poinsettii  is  restricted  to  either 
the  southern  part  of  the  Big  Burrow  Mountains,  or  to  the  vicinity  of 
Santa  Rita,  Grant  Co.,  New  Mexico. 
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Abstract. — Andradite  garnet  dikes  and  garnet-bearing  granite  pegmatite  dikes  crosscut  a 
650-meter  thick  microgranite  sill  in  the  Franklin  Mountains,  Texas.  Although  garnets  are 
common  accessory  minerals  in  granitic  rocks  and  in  late  stage  differentiates,  such  as  aplites 
and  pegmatites,  this  spectacular  find  reveals  igneous  garnets  of  unusual  composition  and 
remarkable  size  (up  to  25  centimeters  in  diameter)  as  an  essential  mineral.  Key  words: 
Franklin  Mountains,  Texas;  mineralogy;  garnet  chemistry;  Precambrian. 

Large,  zoned,  calcic  garnets,  up  to  25  centimeters  in  diameter,  occur 
within  dikes  composed  entirely  of  garnet  and  in  garnet-bearing,  granite 
pegmatite  dikes  that  intrude  a  650-meter  microgranite  sill  in  the  Franklin 
Mountains,  north  of  El  Paso,  Texas  (Figures  1  and  2).  These  igneous 
rocks  are  part  of  the  late  Precambrian  (1.0  billion  years)  Red  Bluff 
Granite  Complex  (Ray,  1982;  McCutcheon,  1982),  and  are  among  the 
oldest  rocks  found  in  Texas.  The  garnet  dikes  and  garnet-bearing  granite 
pegmatites  range  in  thickness  from  a  few  centimeters  to  two  meters,  and 
extend  laterally  for  many  tens  of  meters  (Figure  3).  The  majority  of  the 
garnets  are  smaller  than  10  centimeters  and  their  size  corresponds  to  dike 
thickness;  that  is  the  thicker  the  dike,  the  larger  the  diameter  of 
individual  garnets.  The  attitude  of  dikes  averages  N  50°  W,  75°  SW, 
which  is  parallel  to  a  major  joint  trend  in  the  microgranite.  The  intrusive 
contacts  with  the  microgranite  are  sharp,  and  xenoliths  of  microgranite 
occur  in  some  of  the  dikes.  Fine-grained  chill  margins  along  the 
pegmatite  contacts  further  demonstrate  an  intrusive  mode  of  emplace¬ 
ment.  Some  of  the  thicker  garnet-bearing  granite  pegmatites  thin  out  and 
change  composition  along  strike  to  become  dikes  composed  solely  of 
garnet.  Along  the  .margin  of  some  larger  crystals  in  contact  with  granite 
pegmatite,  the  garnet-granite  boundary  is  diffuse,  whereas  along  other 
margins,  the  boundary  is  sharp. 

A  literature  search  reveals  no  similar  occurrence  of  igneous  garnets 
that  grew  to  such  large  sizes,  occur  in  great  enough  abundance  to  be  an 
essential  mineral,  and  have  compositions  rich  in  Ca^^  and  Fe^^  Garnets 
found  in  granitic  igneous  rocks  are  usually  small  (sand  size  or  smaller), 
occur  as  accessory  minerals,  and  are  the  manganese-rich  spesartine- 
almandine  garnets,  especially  in  peraluminous  granitoids  (Clark,  1981; 
Green,  1977;  Manning,  1983).  Thus,  the  igneous  garnets  in  the  Franklin 
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Figure  1.  Location  map  of  garnet  dikes  and  garnet-bearing  granite  pegmatite  dikes, 
Franklin  Mountains,  Texas. 
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Figure  2.  Simplified  geologic  map  showing  location  of  garnet  dikes  and  garnet-bearing 
granite  dikes  in  the  microgranite  (pCmg).  Other  rock  types:  pGbg — Precambrian  biotite 
granite;  pCag — Precambrian  alkali  granite;  PCcm — Precambrian  Castner  Marble;  pClg — 
Precambrian  Lanoria  Quartzite;  cb — columnar  basalt.  Faults  shown  in  thick,  solid  lines; 
U-upthrown  block,  D-downthrown  block. 
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Figure  3.  Garnet  dike  swarm  within  the  microgranite.  The  dark  garnet  dikes  vary  in 
thickness  from  one-half  meter  to  several  centimeters  along  strike.  Outcrop  area 
approximately  40  by  25  meters.  Dikes  exhibit  an  interweaving  pattern,  and  parallel  a 
major  joint  direction  in  the  microgranite. 

Mountains  represent  a  unique  occurrence  of  what  is  normally  an 
accessory  mineral  in  felsic  plutonic  and  volcanic  rocks. 

Petrology  and  Petrography 

The  garnet-bearing  granite  pegmatites  are  extremely  coarse  grained, 
have  a  hypidiomorphic-granular  texture,  and  consist  of  essential  garnet, 
microcline  perthite,  quartz,  with  accessory  amphibole,  zircon,  sphene,  and 
apatite.  Garnets  vary  in  color  from  light  brown  for  large  crystals  to  black 
for  smaller  (less  than  two  centimeters)  crystals.  The  garnets  are  euhedral 
to  subhedral,  and  comprise  more  than  50  percent  of  the  total  minerals  in 
a  pegmatite.  The  large  diameter  garnets  (usually  greater  than  10 
centimeters)  exhibit  a  prominent  closely  spaced  mineralogic  zoning  near 
grain  edges  with  garnet  alternating  with  an  extremely  fine-grained 
mixture  of  alkali  feldspar  and  quartz  (Figure  4).  A  distinct  compositional 
zoning  within  individual  garnets  is  marked  by  different  shades  of  brown 
banding  that  is  concentric  about  a  crystal  core.  Garnets  in  the  granite 
pegmatite  and  in  the  pure  garnet  dikes  contain  some  inclusions  of  quartz, 
alkali  feldspar,  amphibole,  and  apatite.  Most  of  the  mineral  inclusions 
are  aligned  parallel  to  compositional  zoning  in  the  garnets. 
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Figure  4.  Photomicrograph  of  mineralogical  zoning  near  the  edge  of  an  18-centimeter 
diameter  garnet  crystal.  Light  areas  consist  of  fine  grained  mixture  of  alkali  feldspar  and 
quartz;  dark  areas  are  andradite  garnet.  Dimensions  of  photo  are  4  mm  by  2.8  mm.  The 
edge  of  the  garnet  is  at  the  top  and  the  core  at  the  bottom  of  the  photograph. 


Garnet  Chemistry 

X-ray  fluorescence  and  atomic  absorption  spectrometry  analyses  of  the 
garnets  indicate  an  andradite-rich  composition  (Table  1).  Analyses  of  a 
brown  garnet  (G-2)  and  a  black  garnet  (G-7)  indicate  no  major  chemical 
differences  compared  to  one  another  (Table  1).  Compositional  zoning 
that  varies  from  light  to  dark  brown  in  individual  garnet  crystals  is  due 
to  chemical  variation  in  the  amounts  of  Fej  and  A1  as  well  as  Ti,  Mg, 
and  Mn  (Donald  M.  Davidson,  Jr.,  personal  communication,  1987). 
There  are  no  significant  chemical  variations  in  garnet  from  one  dike  to 
another  (Table  1). 


Discussion 

The  association  of  the  garnet  dikes  with  the  garnet-bearing  granite 
pegmatites  indicates  crystallization  of  garnets  from  a  silicate  melt 
enriched  in  enough  Ca^^  and  Fe^^  to  crystallize  andradite  garnet.  Ray 
(1982)  proposed  vapor  phase  crystallization  of  the  garnet-bearing 
pegmatites  and  garnet  dikes  along  pre-existing  fractures  in  the 
microgranite,  but  did  not  specify  a  potential  granite  source  from  the 
seven  different  granite  types  in  the  Red  Bluff  Granite  Complex.  Partial 
reaction  or  consumption  of  a  nearby  siliceous  dolomitic  marble  (Castner 
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Table  I. — Major  oxide  analyses  of  andradite  garnet,  Franklin  Mountains,  Texas.  Analytical 
determinations  by  atomic  absorption  spectrometry  and  X-ray  fluorescence.  Precision  of 
each  oxide  analysis  was  +  5  percent.  FeO  determined  by  wet  chemical  methods.  All  data  are 
in  weight  percent.  Samples  are  from  different  dikes.  Andradite  formula — Ca3Fe2Si30i2; 
grossularite  formula — CaaALSisOu. 


Sample  no. 

G-2 

G-3 

G-6 

G-7 

Major  oxide 

Si02 

41.5 

38.5 

41.1 

44.1 

Ti02 

0.4 

0.4 

0.4 

0.5 

AI2O3 

5.2 

2.3 

4.6 

2.6 

Fe203 

22.7 

28.4 

23.1 

24.2 

FeO 

0.5 

0.6 

0.5 

0.8 

MgO 

0.3 

0.2 

0.3 

0.3 

CaO 

26.0 

27.3 

27.3 

25.5 

Na20 

0.2 

0.1 

0.1 

0.2 

K2O 

0.7 

0.1 

0.2 

0.1 

MnO 

0.5 

0.6 

0.6 

0.6 

Total 

98.0 

98.5 

98.2 

98.9 

Percent  end  member  composition 

Andradite 

73.6 

88.8 

76.2 

85.6 

Grossularite 

26.4 

11.2 

23.8 

14.4 

Marble)  by  the  melt  may  have  contributed  additional  calcium  for  garnet 
formation  but  there  is  no  direct  field  evidence  of  pegmatite  intrusion  into 
the  marble.  We  are  working  on  a  detailed  investigation  of  the 
crystallization  and  growth  of  the  garnets.  This  research  involves,  major, 
trace,  and  rare-earth  element  studies  of  granites  of  the  Red  Bluff  Granite 
Complex  as  potential  melt  sources  for  the  garnets.  The  results  of  this 
study  will  be  published  in  a  subsequent  paper. 
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Abstract. — The  influence  of  artificial  aeration  on  the  phytoplankton  community  in  Lake 
Waco,  Texas,  was  assessed  from  samples  taken  over  five  months  from  stations  in  the 
vicinity  of  the  aerator  and  compared  with  a  station  removed  from  the  influence.  Turbidity 
was  greater  (P<0.05)  in  the  vicinity  of  the  aerator,  but  was  limited  to  a  small  area  (100 
meters).  Production  was  depressed  within  50  meters  of  the  aerator,  and  algal  biomass  was 
different  among  the  stations  (P<0.1).  Phosphorus  concentrations  were  not  significantly 
different  among  the  stations  and  the  structure  of  the  phytoplankton  community,  as 
measured  by  the  ratio  of  centrate  to  pennate  diatoms,  was  also  unaffected.  Thus,  the  effects 
of  aeration  were  minor  and  limited  to  a  small  area  of  the  reservoir.  Key  words:  aeration; 
destratification;  reservoirs;  taste  and  odor. 


Artificial  aeration  of  lakes  and  reservoirs  has  been  used  commonly  for 
the  past  30  years  as  a  means  of  improving  water  quality.  It  is  seen  as  an 
aid  in  preventing  nuisance  algal  blooms  and  it  prevents  the  formation  of 
anoxic  conditions  in  bottom  waters.  However,  several  other  effects  are 
possible.  Our  investigation  sought  to  determine  the  presence  and  extent 
of  changes  in  the  phytoplankton  community  of  Lake  Waco,  Texas, 
brought  about  by  artificial  aeration. 

The  effects  of  artificial  aeration  on  algal  biomass  and  primary 
production  apparently  are  varied.  Riddick  (1957)  and  Symons  et  al. 
(1967)  reported  a  decline  in  algal  numbers.  However,  others  have 
reported  an  increase  in  algal  production  and  phytoplankton  number 

(Ridley  et  al.,  1966;  Hooper  et  al.,  1953;  Toetz,  1981). 

Explanations  of  the  observed  effects  are  varied.  The  increase  in  algae 
has  been  explained  by  an  increase  in  phosphorus  or  other  nutrients 
circulated  upward  from  the  sediments  (Schmitz  and  Hasler,  1958; 
Nicholls  et  al.,  1980;  Gulliver  and  Stefan,  1982).  The  physical 

characteristics  of  the  water  body  may  be  important  in  determining  the 
response  to  aeration.  Oskam  (1983)  found  that  circulating  a  deep 

reservoir  was  more,  likely  to  result  in  a  decrease  in  phytoplankton 

numbers,  whereas  circulating  a  shallow  reservoir  was  more  likely  to  bring 
about  an  increase.  Therefore,  the  relationship  between  mixing  depth,  the 
optical  properties  of  the  water,  and  role  of  light  as  a  limiting  factor  is  an 
important  consideration. 

An  increase  in  algal  numbers  does  not  necessarily  reveal  increased 
production.  Steinberg  (1983)  reported  that  an  increase  in  algal  biomass 
was  not  connected  with  an  increase  in  overall  yearly  primary  production 
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due  to  the  increased  shading  effect  of  the  algae.  On  the  other  hand,  an 
increase  in  turbulence  could  allow  more  cells  to  be  exposed  to  the  light 
by  circulating  them  up  to  the  photic  zone.  Turner  et  al.  (1973)  claimed 
that  because  mixing  evenly  distributes  algae  through  the  water  column, 
the  average  density  of  cells  per  unit  volume  of  lake  may  be  less  in  spite  of 
an  increase  in  the  total  number  in  the  lake. 

Artificial  aeration  may  alter  the  structure  of  the  phytoplankton 
community.  The  most  common  response  is  a  decrease  in  the  number  of 
cyanobacteria  and  an  increase  in  diatoms  or  green  algae  (Bernhardt, 
1967;  Turner  et  al.,  1973;  Steinberg,  1983). 

The  objectives  of  our  study  were  to  determine  if  the  phytoplankton 
community  in  that  region  of  the  reservoir  immediately  affected  by  the 
aerator  was  different  than  the  community  in  the  remainder  of  the 
reservoir.  Specifically,  we  sought  modifications  in  the  rate  of  phytoplank¬ 
ton  production,  in  phytoplankton  biomass,  and  because  Lake  Waco  is 
dominated  by  diatoms,  in  the  ratio  of  centrate  to  pennate  diatoms. 
Because  increased  turbidity  and  phosphorus  concentration  are  the  two 
environmental  variables  most  often  associated  with  artificial  aeration,  we 
also  compared  these  between  the  affected  and  unaffected  portions  of  the 
reservoir. 


Study  Site 

Waco  Reservoir  was  impounded  in  1965  and  covered  an  old,  smaller  reservoir.  It  is  a 
shallow,  eutrophic,  and  polymictic  lake  with  a  surface  area  of  29.4  square  kilometers,  a 
volume  of  127  by  10^  m\  a  mean  depth  of  four  meters,  and  a  maximum  depth  of  22  meters. 
Various  aspects  of  the  limnology  of  this  reservoir  have  been  discussed  by  Kimmel  and  Lind 
(1972)  and  Lind  (1971).  The  watershed  (427  square  kilometers)  consists  primarily  of 
limestone  formations  and  is  drained  by  the  North,  Middle,  and  South  Bosque  rivers  and 
Hog  Creek. 

Waco  Reservoir  is  the  primary  water  supply  for  the  city  of  Waco.  Taste  and  odor 
problems  were  experienced  early  in  its  life  and  experiments  with  artificial  aeration  were 
begun.  By  1970,  a  2.8  m^min"'  air  compressor  was  installed  on  the  dam.  This  compressor 
has  a  service  pressure  of  689.5  KPa  (gauge)  and  is  attached  to  304  meters  of  2.5  centimeters 
galvanized  reinforced  pipe  that  extends  into  the  reservor.  It  terminates  in  a  diffuser  section 
consisting  of  15.2  meters  of  galvanized  pipe  with  small  holes  on  15.2  centimeters  centers.  A 
second  system  with  a  pipe  335  meters  long  is  attached  to  the  compressor. 

The  released  air  bubbles  produce  two  circles  approximately  20  meters  in  diameter  at  the 
reservoir’s  surface  where  the  upwelling  water  causes  a  slight  but  visible  rise  in  the  water 
level.  The  bubbles  are  one  centimeter  or  less  in  diameter  when  they  reach  the  surface.  A 
plume  of  more  turbid  water  extends  beyond  the  circle  of  bubbles.  Biedermann  and  Fulton 
(1971)  reported  that  after  aeration,  dissolved  oxygen  is  maintained  on  the  bottom  and  that, 
while  algal  blooms  do  occur,  they  are  not  severe. 

Methods 

Water  samples  were  collected  from  four  stations  along  a  transect  with  three  stations 
(experimental)  located  in  the  area  affected  by  the  aeration  and  one  located  at  a  distance  so 
as  to  be  unaffected  by  the  aeration  (control).  The  latter  was  designated  as  Station  1;  the 
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former  consisted  of  Station  2,  located  in  the  plume,  and  stations  3  and  4  at  approximately 
50-meter  intervals  along  the  transect.  The  direction  of  the  transect  was  determined  each  date 
according  to  the  prevailing  winds  and  the  visible  plume  of  turbid  water.  Samples  were 
collected  while  the  aerator  was  operating  on  20  April,  1  June,  29  June,  20  July,  and  17 
August,  1985. 

An  integrated  water  sample  was  collected  from  each  station  to  a  depth  of  three  meters 
using  a  submersible  pump.  Light  extinction,  Secchi  depth,  and  temperatures  were 
determined.  To  return  the  water  samples  to  the  laboratory,  they  were  placed  in  four,  four- 
liter  plastic  bottles  and  placed  in  a  darkened  ice  chest  filled  with  lake  water  to  maintain  lake 
temperatures. 

Within  two  hours  of  sampling  and  in  the  laboratory,  two  replicates  from  each  station 
were  inoculated  with  2.43  uCi  Na2''‘C03  in  125-milliliter,  glass-stoppered  bottles  to  measure 
phytoplankton  production  (Lind,  1979).  These  were  incubated  in  an  outdoor  tank  of  water, 
maintained  at  lake  temperature,  at  light  intensities  of  100,  83,  50,  and  18  percent  of  surface 
intensity.  Two  dark  bottles  for  each  station  also  were  inoculated  and  incubated.  After  two 
hours  of  incubation,  the  samples  were  placed  in  a  dark  chest  with  ice  to  stop 
photosynthesis.  A  50-milliliter  aliquot  of  each  was  filtered  through  membrane  filters.  On  20 
April  and  20  July,  the  samples  were  filtered  on  0.2,  1.0,  and  10  /xM  pore  size  Nucleopore 
filters  to  examine  differences  in  production  among  cell  sizes.  Gelman^*^  0.45  /uM  pore  size 
filters  were  used  on  the  other  dates.  Radioactivity  in  the  cells  on  the  filters  was  measured  by 
liquid  scintillation  counting. 

A  one-liter  integrated  sample  (zero  to  three  meters)  from  each  station  was  filtered 
through  a  47-mm  Gelman^'^  GF/C  glass  fiber  filter  for  spectrophotometric  determination  of 
chlorophyll  a  (Lind,  1979).  Samples  for  diatom  enumeration  were  preserved  with  Lugol’s 
iodine.  These  were  counted  using  50-milliliter  samples  filtered  onto  0.8  )uM-pore  size, 
cleared  gridded  membrane  filters  (Lind,  1979).  Water  from  each  station  was  analyzed  for 
total  phosphorus  concentration  (Lind,  1979)  and  turbidity  (Hach  model  2100  nephalome- 
ter). 

Integral  phytoplankton  production  through  the  photic  zone  was  calculated  from  the 
discrete  depth  data.  Because  there  was  no  difference  in  production  based  on  cell  size,  data 
from  the  L0-)uM  pore  size  filters  was  used  on  the  dates  when  multiple  size  filters  were  used. 

BMDP  was  used  to  perform  Friedman’s  nonparametric  randomized  block  analysis  of 
variance.  This  was  followed  when  appropriate  with  nonparametric  multiple  comparisons 
(Zar,  1984).  Nonparametric  analyses  are  stronger  tests  for  these  data  due  to  the  small 
sample  size  and  because  they  do  not  assume  normality  or  equal  variances.  The  randomized 
block  design  controlled  for  the  expected  seasonal  variation. 

Results  and  Discussion 

Several  variables  were  apparently  influenced  by  the  artificial  aeration 
(Table  1).  Turbidity  was  greater  in  the  vicinity  of  the  aerator  as  was 
obvious  in  the  field.  Total  phosphorus  concentrations  were  greater  in  the 
aerator  area  as  compared  to  the  unaffected  station.  Algal  biomass  was 
less  at  the  unaffected  stations,  possibly  due  to  dilution  by  upwelling 
bottom  waters.  Primary  production  by  the  phytoplankton  was  less 
immediately  in  the  “boil”  but  slightly  stimulated  only  50  meters  away 
when  compared  with  the  unaffected  station. 

Statistical  analyses  of  the  variables  among  the  four  stations  showed  a 
significant  (P<0.05)  difference  among  the  stations  for  turbidity  and 
phytoplankton  production  (Table  2).  Multiple  comparisons  (Table  3) 
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Table  1.  Mean  ±s  of  variables  for  the  sampling  stations,  Lake  Waco,  Texas,  on  five  dates, 
April  through  August,  1985. 


Station 

Integral 
Production 
(mg  C  m“^  hr~') 

Algal 
Biomass 
(Mg  Chi  r') 

% 

Pennate 

diatoms 

Total 

Phosphorus 
(Mg  r') 

Turbidity 

(NTU) 

1  (unaffected) 

130±84 

8+3 

48+32 

21  +  12 

10+2 

2  (bubbler) 

71+63 

6+1 

45+30 

31  +  12 

14+4 

3  (50  m) 

134+133 

4+2 

39+27 

25+10 

12+3 

4  (100  m) 

87+74 

5+2 

47+30 

25+17 

10+3 

showed  that  turbidity  at  the  bubbler  (Station  2)  was  significantly  greater 
than  at  the  unaffected  station  (1)  as  well  as  at  the  100-meter  station  (4). 
Thus  the  effect  of  increasing  turbidity  is  limited  to  a  small  area. 
Phytoplankton  production  at  the  bubbler  differed  from  the  unaffected 
station  as  well  as  the  50-meter  station  indicating  that  the  depressing  effect 
on  production,  either  through  dilution  or  through  increased  turbidity,  is 
limited  to  within  50  meters  of  the  bubbler. 

Unexpectedly,  differences  among  the  stations  for  phosphorus  concen¬ 
tration  were  insignificant  (P>0.05).  Also,  the  structure  of  the  phytoplank¬ 
ton  apparently  was  unaffected  because  there  was  no  difference  in  the 
ratio  of  centrate  to  pennate  diatoms.  Algal  biomass,  as  chlorophyll  a,  was 
probably  different  among  the  stations  (P<0.1)  and  was  probably  due  to 
dilution  by  the  upwelling  waters. 

Lake  Waco  varies  from  most  other  lakes  that  are  artificially  aerated  in 
that  it  is  a  polymictic  reservoir.  In  lakes  that  normally  stratify,  artificial 
destratification  has  a  widespread  impact.  However,  because  Lake  Waco  is 
aerated  primarily  to  discourage  chemical  stratification,  the  effect  is 
limited  to  the  vicinity  of  the  bubbler  as  indicated  by  the  data. 

Although  there  were  no  significant  correlations  between  turbidity  and 
production,  it  is  probable  that  the  increased  turbidity  along  with  other 
factors  contributed  to  the  decline  in  production  observed  at  the  bubbler. 
When  assessing  primary  production  in  turbid  waters,  it  is  important  to 
consider  not  only  the  frequency  of  light  fluctuations  perceived  by  the 


Table  2.  Friedman’s  test  for  each  variable  for  four  sampling  stations.  Lake  Waco,  Texas,  on 
five  dates,  April  to  August,  1985. 


Variable 

Friedman 

score 

Significance 

Production 

10.26 

.017 

Turbidity 

8.70 

.034 

Algal  biomass 

7.00 

.072 

Phosphorus 

2.34 

.505 

Percent  pennate  diatoms 

0.60 

.896 
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Table  3.  Multiple  comparisons  for  nonparametric  randomized  block  analysis  of  variance 
for  phytoplankton  production  and  turbidity  for  the  four  sampling  stations,  Lake  Waco, 
Texas,  on  five  dates,  April  through  August,  1985.  Critical  value  of  q  (5)  .05  =  3.3. 


Stations 

Production 

Turbidity 

1  vs.  2 

3.63 

3.29 

1  vs.  3 

0.0 

1.38 

1  vs.  4 

2.60 

0.52 

2  vs.  3 

3.63 

1.90 

2  vs.  4 

1.04 

3.81 

3  vs.  4 

2.60 

1.90 

phytoplankton,  but  also  the  length  of  time  that  algae  are  circulated  out 
of  a  compressed  euphotic  zone  (Grobbler,  1985).  In  Lake  Waco, 
production  was  depressed  only  in  the  immediate  vicinity  of  the  bubbler, 
and  it  is  probable  that  the  extreme  turbulence  at  the  bubbler  would 
create  unfavorable  light  conditions  and  slow  production.  However, 
Haynes  (1973)  found  that  phytoplankton  from  varying  depths  produced 
the  same  amount  of  carbon  when  given  the  same  amount  of  light. 
Inasmuch  as  the  Lake  Waco  samples  were  incubated  at  fixed  light 
conditions,  it  is  probable  that  the  measured  decrease  was  due  to  the 
higher  turbidity  of  the  water  and  an  additional  decrease  in  production 
due  to  turbulence  was  not  measured.  This  is  consistent  with  the  findings 
of  Kimmel  and  Lind  (1972),  who  attributed  the  absence  of  nuisance  algal 
conditions  to  the  high  mixing  depth  to  photic  depth  ratio  in  Lake  Waco. 

The  increase  in  turbidity  was  obvious  near  the  bubbler  and  was 
confirmed  by  both  nephalometer  measurements  and  Secchi  disc  readings. 
Although  Symons  (1967)  reported  no  change  in  turbidity  and  others 
reported  changes  associated  only  with  fluctuating  phytoplankton  numbers 
(Hopper  et  al.,  1953;  Haynes,  1973;  Toetz,  1981;  Turner  et  al.,  1973),  any 
increase  in  turbidity  caused  by  artificial  aeration  and  circulation  would  be 
an  important  factor  to  consider  when  assessing  the  impact  of  artificial 
aeration  on  phytoplankton.  Oskam  (1983),  Grobbler  (1985),  and 
Reynolds  et  al.  (1983)  emphasized  the  importance  of  the  relationship 
between  the  perceived  penetration  of  light  and  the  mixing  depth.  Oskam 
(1983)  also  noted  the  influence  of  high  turbidity  on  the  extinction 
coefficient  and  the  resulting  limitation  on  the  growth  rate  and  biomass  of 
algae. 

The  phosphorus  concentration  in  the  euphotic  zone  did  not  increase 
significantly  due  to  aereation  in  Lake  Waco.  This  is  not  unusual  as 
Symons  et  al.  (1967)  and  Toetz  (1981)  reported  no  increase  in  phosphorus 
due  to  mixing.  Both  Turner  (1973)  and  Steinberg  (1983)  discussed  the 
possibility  that  phosphorus  might  be  continuously  absorbed  in  the 
bottom  sediments  under  the  oxidized  conditions  produced  by  mixing. 
Phytoplankton  also  can  influence  the  phosphorus  concentrations  during 
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mixing  as  Haynes  (1969)  found  in  Kezar  Lake  where  the  concentration 
rose  and  fell  with  the  destiny  of  phytoplankton. 

Mixing/ aerating  has  been  reported  to  selectively  favor  certain  species 
of  algae.  Lake  Waco  is  dominated  by  diatoms  as  would  be  expected 
according  to  Reynolds  et  al.  (1983),  who  found  that  mixing  conditions 
favor  diatoms.  A  change  in  the  ratio  of  centrate  to  pennate  diatoms 
might  be  expected  in  the  vicinity  of  the  bubbler  because  pennate  diatoms 
are  associated  with  more  nutrient-rich  waters  than  centrate  diatoms. 
However,  because  there  was  no  significant  difference  in  nutrient  levels, 
there  was  no  significant  change  in  the  species  composition  associated  with 
the  bubbler. 

The  algal  biomass  in  the  Lake  Waco  euphotic  zone  apparently  declined 
in  the  area  affected  by  the  bubbler.  The  decline  in  Lake  Waco  is 
consistent  with  a  model  by  Gilliver  and  Stefan  (1982),  which  predicted  a 
decline  in  surface  chlorophyll  a  during  deep  mixing  due  to  dilution  and 
light  limitation.  On  the  other  hand,  Reynolds  et  al.  (1983)  kept  the 
average  phytoplankton  standing  crop  below  the  nutrient  capacity  of  the 
water  by  intermittent  mixing  and  attributed  it  not  to  light  limitation  but 
to  the  species  relative  abilities  to  adapt  to  changes  in  variance  in 
resources  and  changes  in  the  depth  of  the  mixing/ euphotic  zone  ratio. 

In  conclusion,  our  data  indicate  that  artificial  aeration  does  exert  an 
affect  upon  the  phytoplankton  community,  but  that  the  effect  is  limited 
to  a  small  area  of  the  reservoir. 
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Abstract. — In  this  article,  we  apply  new  results  on  variance  bounds  to  derive  probability 
inequalities  for  the  sample  variance  of  samples  from  two  types  of  continuous  unimodal 
distributions  with  finite  support.  Two  of  the  inequalities  are  parameter-free  and  may  be 
easily  applied  to  form  confidence  intervals  for  the  population  variance.  Key  words: 
population  variance;  Bernstein  inequalities;  unimodal  distributions;  nonparametric. 


Variance  and  its  estimation  play  a  fundamental  role  in  data  analysis 
and  statistical  inference.  For  example,  in  the  absence  of  variance 
estimates,  statements  of  confidence  and  statistical  significance  are 
impossible.  This  note  is  concerned  with  probability  inequalities  for  the 
sample  variance  and  associated  confidence  bounds  for  the  population 
variance.  The  subject  of  confidence  bounds  for  the  mean,  and  the 
associated  topic  of  probability  inequalities  for  the  sample  mean  of  the 
form 


P{|X-Ml>e},  (1) 

where  e  >  0,  have  been  thoroughly  researched.  Fundamental  work  on 
probability  inequalities  in  the  form  of  (1)  includes  the  classical  paper  by 
Tchebichef  (1874)  and  a  book  by  Uspensky  (1937),  as  well  as  modern 
treatments  by  Okamoto  (1958),  Bennett  (1962,  1963,  1965),  Hoeffding 
(1963),  Serfling  (1976),  Teicher  (1979,  1984),  Yang  and  Mo  (1985),  and 
many  others.  However,  aside  from  the  obvious  extensions  of  some  of  the 
above  probability  inequalities,  only  Krafft  and  Schmitz  (1969)  have 
proposed  parameter-free  probability  inequalities  for  the  sample  variance 
of  the  form 


P  {S^  -  >  e}, 

where  is  the  unbiased  estimator  of  the  variance,  a^,  and  e  >  0.  Their 
probability  inequality  is  stated  in  the  following  theorem. 

Theorem  1. — Let  Xi,  i  =  1,  .  .  .,  n,  be  iid  random  variables  such  that 
0  <  Xi  <  1.  Then, 
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P  {S'  -  a'  >  e}  <  exp  {  -8[[n/2]]e'}  for  0  <  e  <  1/2  -  a',  (2) 

where  [[n/2]]  denotes  the  greatest  integer  less  than  or  equal  to 
n/2  with  n  >  2. 

In  this  paper  we  employ  recent  results  concerning  variance  bounds  for 
continuous  bounded  unimodal  distributions  to  sharpen  inequality  (2)  and 
to  develop  confidence  bounds  for  the  variance  of  certain  continuous 
unimodal  random  variables  with  finite  support.  In  the  second  section,  we 
present  results  on  variance  bounds  of  continuous  bounded  unimodal 
distributions.  In  the  third  section,  we  apply  the  results  to  derive  one-stage 
confidence  bounds  for  the  variance  of  a  bounded  continuous  unimodal 
distribution  for  various  classes  of  unimodal  distributions.  Thereafter,  we 
derive  confidence  bounds  for  various  types  of  unimodal  distributions. 
Finally,  we  present  some  brief  comments  concerning  our  results. 

Variance  Bounds  for  Continuous  Bounded  Unimodal 


Distributions 


Let  H  be  the  class  of  absolutely  continuous  (with  respect  to  Lebesgue 
measure)  distribution  functions  for  which  F(0)  =  0  and  F(l)  =  1.  A 
random  variable  with  distribution  function  F  6  H  is  said  to  have  support 
[0,  1].  For  F  6  H  let  Hd(F)  be  the  class  of  probability  densities  f  such 
that 


for  all  t  6  [0,1].  The  mean  of  F  6  H  is  defined  as 


The  variance  of  F  6  H  is  defined  as 


A  distribution  function  F  is  unimodal  about  a  mode  m  if  F  is  convex 
on  (-00,  m]  and  concave  on  (m,  ©o).  A  random  variable  is  said  to  be 
unimodal  if  and  only  if  its  distribution  function  is  unimodal.  Let  U  be 
the  class  of  distribution  functions  in  H,  which  are  unimodal.  For  F  6  U, 
let  Ud(F)  be  the  corresponding  class  of  densities.  Such  densities  are 
nondecreasing  almost  everywhere  on  [0,m)  and  nonincreasing  almost 
everywhere  on  [m,l].  We  shall  first  address  bounds  on  the  variance  of 
F  6  U  with  known  mean.  The  following  result  is  found  in  Serfling 
(1980:200). 

Theorem  2. — For  a  distribution  function  G  6  H, 
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Eg  ^  Mg(1  -  Mg)- 


(3) 


If  F  6  U,  then  under  certain  conditions  the  variance  bound  given  in  (3) 
can  be  sharpened.  We  shall  need  the  following  definition.  A  function  g  on 
[0,1]  is  said  to  be  a  one-step  density  with  step  at  s  if  and  only  if  it  is  of 
the  form 


(4) 


where  r  and  t  are  constants  chosen  so  that  g  is  a  density  function  with 
respect  to  Lebesgue  measure.  We  shall  denote  one-step  densities  of  the 
form  (4)  by  g[r,t;s]. 

The  following  theorem  has  been  proven  by  Young  et  al.  (1988). 

Theorem  3. — Suppose  FEU  and  f  6  Ud(F)  with  mean  jjip  =  fx.  Define 
the  step  density  g[(l  —  p)/ p,  p(l  —  py,p].  Suppose  there  exist  numbers  u, 
V  6  [0,1]  with  u  <  V  such  that  1)  f(x)  <  g(x)  for  x  <  u  and  x  >  v,  2)  f(x) 
>  g(x)  for  u  <  X  <  V,  and  3)  u  <  ju  <  v.  Suppose  z  6  [u,v]  is  such  that 
F(z)  =  G(z),  where 


for  all  t  6  [0,1].  If  z  6  [2p  —  \,2p  —  u],  then  Vp  ^  p{l  —  p)l3. 

We  shall  denote  the  set  of  distribution  functions  FEU,  which  satisfy 
the  conditions  of  Theorem  3  by  the  set  U^u. 

Variance  bounds  for  distribution  functions  in  U  are  also  available  when 
the  mean  is  unknown.  The  following  theorem  has  been  proven  by 
Jacobson  (1969),  and  a  much  simpler  proof  of  the  same  theorem  has 
been  given  by  Seaman  et  al.  (1988). 

Theorem  4. — Let  FEU.  Then, 


(5) 


Jacobson  (1969)  also  has  provided  sufficient  conditions  on  a  subset  of 
distributions  in  U  to  sharpen  the  variance  bound  given  in  (5)  to  1/12. 
Jacobson’s  conditions  are  given  in  the  following  theorem. 

Theorem  5. — Let  FEU  and  f  E  Ud(F)  satisfy  the  following  conditions: 
1)  at  least  one  mode  of  f  is  in  (0,1);  2)  the  number  of  discontinuities  of  f 
is  countable;  3)  the  set  of  modes  of  f  is  closed;  and  4)  The  density 
function  f  is  continuous  from  the  left  at  x  =  1  and  continuous  from  the 
right  at  X  =  0.  Let  the  mean  value  of  f  on  the  interval  (u,v)  be  defined  by 


V  —  u 
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If  lim  f(x)  >  M(f;0,i/2) 

x-1/2" 

and  lim  f(x)  > 

X-'/2" 

then  i/p<l/12. 

Young  et  al.  (1988)  also  have  provided  conditions  on  F  6  U  in  order 
for  the  1/12  bound  to  apply.  Their  conditions  are  given  below  in 
Theorem  6.  It  can  be  shown  that  their  conditions  are  not  equivalent  to 
Jacobson’s  conditions. 

Theorem  6. — Let  F  6  U  and  let  f  6  Ud(F).  Let  G  be  the  uniform 

distribution  on  [0,1]  with  density  g.  Suppose  there  exist  numbers  u,v  6 

(0,1)  such  that  u  <  v,  f(x)  <  g(x)  for  x  <  u  and  x  >  v,  and  f(x)  >  g(x) 
for  u  <  X  <  V.  Also,  let  iip  =  ijl  and  ijlq  =  Y2,  and  suppose  Y2  6  [u,v].  Let 
z  6  [u,v]  be  a  solution  to  F(x)  =  x.  If  z  6  [1  —  v,l  —  u],  then 

(6) 

In  the  following  section  we  apply  the  results  outlined  above  to  develop 
one-sided  probability  inequalities  that  may  be  applied  to  form  confidence 
bounds  for  the  variance  of  continuous  unimodal  distributions  with  finite 
support.  We  denote  the  subset  of  distribution  functions  F  6  U  for  which 

<  1/12  by  % 

Confidence  Bounds  for  the  Variance  of  Continuous  Unimodal 
Distributions  with  Finite  Support 

We  now  proceed  to  derive  confidence  bounds  for  the  variance  of 
distributions  in  and  U^.  Our  approach  to  derive  an  exponential-type 
upper  bound  of  me  form  given  in  (2)  is  similar  to  that  of  Krafft  and 
Schmitz  (1969). 

Assume  that  Xi,  i  =  1,2,  .  .  .  ,  n,  are  iid  random  variables  with  support 
[0,1]  and,  as  in  Hoeffding  (1963),  let 

=  n(n  -  1)  .  .  .  (n  -  r  +  1) 


and  define 


2  g(x,, . Xi^) 

n,r 

to  be  taken  over  all  r-tuples  ii,  .  .  .  ,  u  of  distinct  positive  integers  less 
than  or  equal  to  n.  Also,  define  S^  to  be 
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s' 


^  (Xi  -  X)' 


Note  that  S'  can  be  reexpressed  as 

=  4-  2  g(XvX,), 
n'^'  n,2 

where  g(x,y)  =  !4(x  —  y)^.  It  follows  that  is  a  U-statistic  which  can  be 
expressed  as  the  sum  of  [[n/2]]  independent  random  variables  where 
[[  ]]  is  the  greatest  integer  function. 

Theorem  7. — Let  Xi,  i  =  1,  .  .  n  be  iid  unimodal  random  variables 
with  support  [0,1]  and  common  distribution  function  F.  Then, 

46'  X  --  [[n/2]] 

/l-2[M(l-M)/kh^4[M(l-/x)/k]-K  I 
2[M1  -/x)/k]  ^  J 

where  k  =  1  if  F  6  H  and  k  =  3  if  F  6  U^. 

Proof.  Applying  the  fact  that  S'  is  a  U  statistic  and  applying 
Hoeffding’s  results  for  U  statistics,  we  obtain  that  for  0  <  6  <  Y2  —  a' 
and  e  >  0, 

P{S'  -  a'  >  6}  <  exp  {  -  [[n/2]]G(e,  a')  e'}  (7) 


where 

G(€,a')  =  In  +  (1  -  2(7^  -  2e)  (1  -  2a^-  2  e) 

1  -  2a^ 

Minimizing  G(e  with  respect  to  e  yields 

q(a^)  =  2(-a^  +  'A)  +  'A)  +  _ V _  2a^ 

(‘A  -  2oy  a'  ('A  -  2aT  1  “  2a' 

Noting  that  q  (o')  is  monotonic  decreasing  on  the  interval  0  <  a'  <  1/4, 
letting  M  =  jbL( I  —  /u)/k,  and  applying  theorems  2  and  3,  it  follows  from 
inequality  (7)  that 

P{S'  -  a'  >  e}<  exp  {h(M,n,€)}, 


where 
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h(M,n,e)=-[[n/2]]  pJizlMLln  +  2M  2M  1 

•-  2M  (Vi-lUf  1-2mJ 

The  theorem  follows  from  simplification  of  the  above  expression  and 
noting  that  because  <  1/2  for  n  >  2,  P{S^  —  >  e}  is  zero  for 

6  >  1/2  -  o\ 

Corollary.  Let  Xi,  i  =  1,  .  .  .  ,  n  be  iid  unimodal  random  variables  with 
support  [0,1].  If  F  6  U,  then, 

P{S'  -  o'  >  6}  <  exp{-9.019[[n/2]]6'}  for  0  <  €  <  1/2  -  o\  (8) 
If  F  6  Ug,  then, 

P{S^  -  >  e}  <  exp{-9.656[[n/2]]e^}  for  0  <  e  <  1/2  -  (9) 

Proof.  Because  q(a^)  is  a  monotonic  decreasing  function  of  on  the 
interval  0  <  <  14,  it  follows  that  if  F  6  U,  then  q(a^)  >  9.019  and, 

therefore,  that 

P{S'  -  a'  >  6}  <  exp{-9.019[[n/2]]6'}  for  0  <  e  <  1/2  -  o\  Similarly, 
if  we  are  sampling  from  a  distribution  function  F  6  U5,  then  it  follows 
that  q(a^)  >  9.656  and,  therefore,  that 

P{S^  -  >  e}  <  exp  {  -9.656[[n/2]]e^}  for  0  <  e  <  1/2  -  o\ 

Note  that  the  results  of  this  section  are  not  restricted  to  the  case  where 
0  <  X  <  1.  In  fact,  if  a  <  X  <  b  with  a  <  b,  then  a  simple  linear 
transformation  yields  values  between  0  and  1;  the  inequalities  (2),  (8),  and 
(9)  then  hold  for  the  transformed  variables  inasmuch  as  linearly 
transformed  unimodal  random  variables  are  unimodal.  In  practice,  for 
the  case  a  <  X  <  b,  inequalities  (2),  (8),  and  (9)  can  be  used  directly 
simply  by  replacing  e  by  the  quantity  e/(b  —  a)^  on  the  right-hand  side  of 
each  probability  inequality. 

It  is  immediate  from  the  comments  at  the  beginning  of  the  third 
section  in  Krafft  and  Schmitz  (1969)  that  inequalities  (2),  (8),  and  (9) 
remain  valid  if  P{S^  —  >  e]  is  replaced  by  P{a^  —  s^  >  e}  and  the  latter 

probability  is  zero  if  e  >  o^.  Hence,  we  can  obtain  corresponding  two- 
sided  inequalities  for  all  of  the  above  one-sided  inequalities  through  the 
equation 


P{  I  I  >  e}  =  P{a^  -  >  e}  +  P{S^  -  >  t}. 

Then  two-sided  confidence  bounds  for  the  population  variance  easily  are 
obtained. 
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Comments 

Several  comments  are  in  order.  First,  note  that  inequalities  (8)  and  (9) 
are  parameter  free  and  thus  lend  themselves  to  real-world  applications. 
Second,  note  that  the  inequality  for  the  variance  derived  in  Theorem  7  is 
in  terms  of  the  population  mean.  This  contrasts  with  many  probability 
inequalities,  such  as  the  familiar  Tchebichef  inequality,  which  is  an 
inequality  for  the  mean  in  terms  of  the  variance.  Third,  note  that  it  is 
possible  to  utilize  the  inequalities  derived  in  this  paper  to  obtain  two- 
stage  fixed  precision  intervals  for  the  population  mean. 
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LATE  EOCENE  (DUCHESNEAN)  MAMMAL  FOOTPRINTS 
FROM  THE  SKYLINE  CHANNELS  OF  TRANS-PECOS  TEXAS 


William  A.  S.  Sarjeant  and  John  A.  Wilson 

Department  of  Geological  Sciences,  University  of  Saskatchewan, 

Saskatoon,  Canada  S7N  OWO,  and  Vertebrate  Paleontology  Laboratory,  Texas  Memorial 
Museum,  The  University  of  Texas  at  Austin,  Austin,  Texas  78705 


Abstract. — Mammalian  footprints  from  the  late  Eocene  (Duchesnean)  of  Trans-Pecos 
Texas  are  described  as  basis  for  a  new  ichnogenus  and  species.  They  are  considered  to 
represent  the  tracks  of  a  flesh-eating  mammal — perhaps  the  large  insectivore  Simidectes  or 
perhaps  a  hyaenodont.  Key  words:  Eocene;  insectivore/ carnivore  footprints;  Texas. 


Two  footprint  impressions  were  discovered  by  Margaret  S.  Stevens  in 
1976  in  a  sandstone  in  the  Skyline  channels  near  the  base  of  the  Bandera 
Mesa  Member  of  the  Devil’s  Graveyard  Formation,  Brewster  Co.,  Texas. 
The  Skyline  channels  form  an  informal  marker  bed  that  was  described  by 
Stevens  et  al.  (1984)  as  consisting  “of  brick-red  to  dark  red-brown  to  gray 
sandstone  or  deeply  incised  conglomerate  and  sandstone-filled  channels.” 
These  channels  contain  an  assemblage  of  vertebrates  considered  by 
Wilson  and  Stevens  (1986)  to  be  of  early  Duchesnean  (late  Eocene)  age. 

The  footprints  represent  the  left  manus  and  left  pes  of  an  animal  of 
medium  size.  They  were  collected  in  separate  blocks  and  are  lodged  in 
the  collections  of  the  Vertebrate  Paleontology  Laboratory  of  the 
University  of  Texas.  They  are  described  here  for  the  first  time.  The 
taxonomic  problems  they  present  are  discussed  and  the  nature  of  the 
trackmaker  is  considered. 

Systematic  Paleontology 
Kingdom  Animalia 
Class  Mammalia 
Infraclass  Eutheria 
Dischidodactylus,  new  ichnogenus 

Derivation  of  name.— Latinized  version  of  the  Greek  dischides,  cloven 
or  divided  and  daktylos,  finger,  with  reference  to  the  divided  fourth  digit 
of  the  pes  and  incipient  division  of  the  third  and  fourth  digits  of  the 
manus. 

Diagnosis. — Plantigrade  mammalian  footprints,  with  pes  larger  than 
manus.  Pollex  and  hallux  shortened  and  offset;  fifth  digit  of  manus 
reduced.  Fourth  digit  of  pes  divided  distally  and  bearing  two  claws;  third 
and  fourth  digits  of  manus  sometimes  also  distally  divided,  with  or 
without  doubling  of  claws. 
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Type  ichnospecies. — Dischidodactylus  stevensi  Sarjeant  and  Wilson, 
herein.  Late  Eocene  (Duchesnian),  Texas. 

Remarks. — The  divided  character  of  some  digits  and  the  opposition — a 
positional  description,  that  does  not  carry  the  implication  of  opposabil- 
ity — of  the  first  digits,  distinguish  this  ichnogenus  from  any  yet  described. 

Dischidodactylus  stevensi,  new  ichnospecies 
Figures  1-4 

Derivation  of  name. — After  Margaret  S.  Stevens,  the  discoverer  of 
these  footprints. 

Diagnosis. — Mammalian  footprints  of  moderate  size,  with  the  pes 
almost  one  and  a  half  times  the  size  of  the  manus.  Pollex  offset  and 
reduced,  hallux  offset  and  markedly  reduced;  digit  V  of  manus  reduced; 
all  digits  clawed;  digits  II-IV  of  manus  and  II-V  of  pes  almost  parallel; 
digit  III  of  the  manus  with  smaller  second  claw,  lateral  to  the  major  claw; 
digit  IV  of  the  manus  with  clawlike  phalangeal  spur;  digit  IV  of  the  pes  is 
divided  for  much  of  its  length  and  bears  two  claws,  the  outermost  larger. 
The  palm  and  sole  are  impressed. 

Holotype. — Manus  and  pes  impressions  from  same  trackway  (Texas 
Memorial  Museum  no.  41715-10),  presently  lodged  in  the  collections  of 
the  Vertebrate  Paleontology  Laboratory,  University  of  Texas  at  Austin. 

Type  horizon  and  locality. — Sandstone  in  Skyline  channels  near  base 
of  Bandera  Mesa  Member,  Devil’s  Graveyard  Formation  (late  Eocene: 
Duchesnean),  Brewster  Co.,  Texas. 

Dimensions. — Left  manus:  overall  length,  67  mm;  overall  breadth,  58 
mm;  length  of  digit  I,  28  mm,  digit  II,  33  mm;  digit  III,  33  mm;  digit  IV, 
32  mm;  digit  V,  24  mm.  Left  pes:  overall  length,  91  mm;  overall  breadth, 
78  mm;  length  of  digit  I,  22  mm  (allowing  for  curvature);  digit  II,  29  mm; 
digit  III,  40  mm;  split  digit  IV,  26  (left)  and  28  mm;  digit  V,  27  mm. 

Divarication  of  digits  (see  Figs.  2  and  3  for  positions  of  measure¬ 
ment).— Left  manus:  I-II,  21°;  II-III,  3°;  III-IV,  3°;  IV-V,  18°.  Left  pes:  I- 
II,  30°;  II-III,  6°;  III-IV  and  IV-V  almost  parallel. 

Description. — Digit  I  of  the  manus  is  opposed  and  thumblike,  with  its 
blunt  claw  directed  forward.  Digit  II  is  broad-based  and  tapers  distally, 
giving  rise  to  a  single,  moderately  long  and  slender  claw.  Digit  III  is 
slenderer  proximally,  but  swells  distally,  giving  rise  to  a  strong  principal 
claw  and  a  slim  secondary  claw.  Digit  IV  is  stout,  with  a  single  claw  but 
also  with  a  spurlike  lateral  projection.  Digit  V  resembles  digit  II,  but  is 
shorter  and  somewhat  opposed. 

Digit  I  of  the  pes  is  also  opposed  and  thumblike,  but  with  its  short 
claw  directed  inward.  Digits  II  and  III  resemble  digit  II  of  the  manus,  the 
claw  of  pes  digit  III  being  longer.  Digit  IV  divides  distally,  the  inner 
ramus  being  shorter  and  bearing  only  an  extremely  short  claw,  the  outer 
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Figure  1.  Dischidodactylus  stevensi  Sarjeant  and  Wilson,  new  ichnogenus  and  species. 
Upper,  left  manus;  lower,  left  pes  (TMM  no.  41715-10). 
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Figure  2.  Left  manus,  showing  where  interdigital  angle  measurements  were  taken. 
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Figure  3.  Left  pes,  showing  where  interdigital  angle  measurements  were  taken. 
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Figure  4.  Dischidodactylus  stevensi  Sarjeant  and  Wilson,  new  ichnogenus  and  species. 
Upper,  left  manus;  lower,  left  pes  (TMM  no.  41715-10). 
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being  only  slightly  longer  but  adorned  with  a  much  stronger  claw.  Digit 
V  is  broad-based,  but  tapers  sharply  to  a  moderately  long  claw. 

Discussion 

The  pes  was  15  centimeters  ahead  of  the  manus,  according  to  the  1976 
field  notes  (p.  67)  of  M.  S.  Stevens.  (The  field  number  was  25/1,  6/16/ 
76.)  Inasmuch  as  only  the  two  imprints  were  available  for  study,  we  lack 
precise  information  concerning  the  trackway.  Their  relative  placement 
when  collected  suggests  an  efficient  pedestrian  moving  (as  the  depth  of 
the  palmar  and  plantar  impressions  indicate)  at  a  relatively  slow  pace 
over  a  surface  of  not-too-moist,  cohesive  silt. 

The  imprints  are  interpreted  as  manus  and  pes  simply  on  the  grounds 
of  size,  the  hind  foot  of  mammals  being  most  often  the  larger  when  there 
is  any  disparity  of  size.  The  strong  claws  suggest  that  these  are  footprints 
of  a  predator.  The  opposition  of  pollex  and  hallux  is  a  feature  of  the 
pedal  extremities  of  many  early  carnivores  (see  Romer  1966:  232R  and 
fig.  338). 

The  only  possible  trackmakers  reported  from  these  strata  are 
Simidectes,  presently  considered  an  insectivore,  and  the  creodont 
Hyaenodon  (Wilson  and  Stevens,  1986:  223-224).  Unfortunately,  little  is 
known  concerning  the  phalanges  of  Simidectes  (Peterson,  1919:  pi.  25, 
fig.  1).  Mallett  (1977)  discussed  the  feet  of  Hyaenodon  but  the  curious 
distal  divisions  of  the  claws  evident  from  these  footprints  have,  as  yet,  no 
osteological  counterparts.  Certainly  these  footprints  show  no  correspon¬ 
dence  with  the  larger  late  Eocene  tracks  from  France  described  by 
Ellenberger  (1980)  as  Hyaenodontipus  praedator,  but  these  latter  show 
little  detail  and  may  be  subtraces,  rather  than  true  footprints. 

We  have  been  able  to  find  no  published  drawing  of  the  tracks  of  large 
living  insectivores,  such  as  the  Solenodon  of  Haiti  and  Cuba,  but  the 
spread  of  digits  in  these  footprints  finds  parallels  among  those  of 
moderate-sized  insectivores  such  as  the  hedgehog  (Erinaceus  europaeus). 
On  that  basis,  Simidectes  might  seem  the  most  likely  trackmaker. 
However,  split  claws  and  digits  are  known  in  creodonts,  but  have  not 
been  reported  from  insectivores.  Consequently,  we  are  giving  an 
ichnogeneric  name  to  the  tracks  that  is  based  entirely  upon  their 
morphology  and  carries  no  implication  of  affinity. 
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FIRST  RECORD  FOR  THE  LEAST  KILLIFISH,  HETERANDRIA 
FORMOSA  (PISCES:  POECILIIDAE),  IN  TEXAS 

Brian  G.  Hanks  and  Michael  J.  McCoid 
Department  of  Wildlife  and  Fisheries  Sciences,  Texas  A&M  University 
College  Station,  Texas  77843 


The  least  killifish  (Heterandria  formosa)  has  a  reported  contiguous  range  extending 
coastwise  from  southern  North  Carolina  and  peninsular  Florida  to  the  Atchafalaya  River 
Basin  of  southern  Louisiana,  with  a  maximum  inland  extent  of  approximately  70  miles. 
Two  apparently  isolated  populations  are  known  from  Calcasieu  and  Cameron  parishes, 
Louisiana  (Martin,  1980;  Conner  and  Suttkus,  1986).  We  herein  report  the  first  record  for 
this  species  in  Texas.  On  30  November  1986,  two  males  (total  length,  15  to  16  mm,  x  = 
15.5),  five  females  (16  to  27  mm,  x  =  18.8),  and  six  juveniles  (12.5  to  15  mm,  x  =  13.4) 
were  collected  along  the  west  bank  of  the  Sabine  River  at  Interstate  Highway  10,  Orange 
Co.,  Texas,  representing  a  westward  range  extension  of  approximately  28  miles.  An 
additional  collection  of  H.  formosa  was  made  at  this  locality  on  29  December  1987. 
Specimens  were  dipnetted  with  window-screen  mesh,  preserved  in  10  percent  formalin,  and 
deposited  in  the  Texas  Cooperative  Wildlife  Collection  (TCWC  6663.1,  6687.1). 

Recent  expansions  in  range  are  generally  attributed  to  direct  human  intervention.  The 
documentation  of  the  natural  dispersal  of  a  species  is  difficult  unless  the  locality  under 
consideration  has  been  adequately  monitored  for  a  sufficient  time,  and  transient 
environmental  factors  possibly  conducive  to  natural  dispersal  are  correctly  identified  at  the 
time  the  event  occurs.  At  least  three  scenarios  could  explain  the  presence  of  H.  formosa  in 
Texas. 

The  first  hypothesis  is  “bait  bucket”  dispersal,  where  a  species  is  intentionally  or 
incidentally  released  during  stocking  or  after  fishing  when  bait  fishes  are  released.  The  high 
amount  of  fishing  traffic  between  Texas  and  Louisiana  makes  this  a  likely,  but  untestable 
possibility. 

The  second  hypothesis  is  downstream  dispersal.  However,  intensive  collecting  over  the 
past  10  years  in  southeastern  Texas  by  various  personnel  and  at  the  Orange  County  site  at 
least  biannually  since  1980  by  the  senior  author  failed  to  document  the  occurrence  of  this 
species.  With  respect  to  the  known  distribution  of  H.  formosa,  the  presence  of  an 
undiscovered  founder  population  within  the  Sabine  River  drainage  upstream  from  Orange 
County,  Texas,  is  therefore  unlikely. 

The  last  hypothesis  involves  natural  dispersal  westward  via  flood-induced,  temporary 
corridors  of  reduced  salinity  spanning  adjacent  estuaries.  Although  H.  formosa  most 
commonly  inhabits  freshwater  habitats,  this  species  often  is  associated  also  with  brackish 
water  environments  (Rosen  and  Bailey,  1963;  Douglas,  1974;  Dahlberg,  1975).  Rosen  (I960) 
postulated  that  deltaic  confluences,  stream  capture,  and  sheet  flooding  were  responsible  for 
the  movement  of  certain  poeciliids  across  the  Yucatan  Peninsula  of  Mexico.  The  ability  of 
poeciliids  to  historically  disperse  is  documented  (Brown,  1987).  Additionally,  their 
reproductive  strategy  (viviparity)  allows  one  to  several  gravid  females  to  establish  founder 
populations  (Thibault  and'Schultz,  1978;  Brown,  1987). 

The  northern  coast  of  the  Gulf  of  Mexico  receives  much  rain  periodically,  and  localized 
flooding  is  common.  It  had  been  raining  heavily  in  eastern  Texas  and  western  Louisiana 
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just  prior  to  the  30  November  1986  collection,  and  much  of  the  lower  Sabine  River  Basin 
was  inundated  by  floodwaters  (personal  observation).  Coupled  with  the  severe  flooding  that 
occurred  at  the  Orange  County  site  during  the  last  week  of  November  1986,  and  the  known 
absence  of  H.  formosa  at  this  locality  between  January  1980  and  May  1986,  the 
establishment  of  this  species  in  Texas  likely  documents  a  natural  dispersal  event  from  the 
southwestern  coast  of  Louisiana  into  the  Sabine  River  drainage.  However,  the  nearest 
reported  population  of  H.  formosa  lies  approximately  28  miles  to  the  east  of  Orange,  Texas, 
at  Calcasieu  Lake,  Calcasieu  Parish,  Louisiana  (personal  observation,  March  1979;  Conner 
and  Suttkus,  1986).  The  possible  occurrence  of  undocumented  founder  populations  of 
Heterandria  along  the  coast  of  southwestern  Louisiana  warrants  further  investigation. 

Since  1967,  the  senior  author  has  monitored  an  additional  isolated  population  of  H. 
formosa  (Sul  Ross  State  Univ.  143 — see  Hollander,  1986).  This  population  is  approximately 
30  miles  north  of  the  reported  range  of  the  species  and  occurs  sympatrically  with  the 
rainwater  killifish,  Lucania  parva  (TCWC  6768.1).  This  freshwater  locality.  False  River 
Lake,  is  a  former  oxbow  of  the  Mississippi  River  located  in  Pointe  Coupee  Parish, 
Louisiana.  These  H.  formosa,  along  with  the  typically  brackish  water  cyprinodontid  L. 
parva,  presumably  dispersed  up  the  Mississippi  River  into  this  lake  before  it  was  isolated 
from  the  river  by  levee  construction  more  than  a  century  ago. 

It  has  been  suggested  that  causative  factors  of  coincidental  distributions  can  be  common 
paleogeographic  events  (Rosen,  1978).  The  sympatry  of  isolated  populations  of  H.  formosa 
and  L.  parva  in  False  River  Lake  would  seem  to  be  an  historical  basis  for  the  ability  of  H. 
formosa  to  disperse.  The  appearance  of  H.  formosa  in  Texas  was  temporally  associated  with 
the  November  1986  flooding  of  the  lower  Sabine  River  Basin.  Current  trends  of  inland 
deforestation,  channelization  of  wetlands,  and  floodbasin  containment  are  conducive  to 
more  extreme  localized  flooding  than  probably  encountered  during  prehistoric  times.  In 
view  of  these  observations,  we  predict  that  the  range  of  H.  formosa  will  continue  to  expand 
into  southeastern  Texas. 
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THE  HARVEST  MOUSE,  REITHRODONTOMYS  HUMULIS,  IN 
CENTRAL  OKLAHOMA,  WITH  COMMENTS  ON  ITS  KARYOTYPE 

Robert  D.  Bradley,  Ronald  A.  Van  Den  Bussche,  Calvin  A.  Porter, 

AND  Meredith  J.  Hamilton 

Department  of  Biological  Sciences  and  The  Museum,  Texas  Tech  University, 
Lubbock,  Texas  79409 

The  eastern  harvest  mouse,  Reithrodontomys  humulis,  previously  has  been  reported  from 
the  eastern  United  States  as  far  west  as  southeastern  Oklahoma  (Hall,  1981).  Previous 
records  of  the  species  from  Oklahoma  were  reported  from  5  mi.  N  Wilburton  (Jones  and 
Anderson,  1959)  and  5  mi.  N  Colbert  (Smith,  1964).  The  specimens  from  5  mi.  N  Colbert 
originally  were  identified  as  R.  montanus  (McCarley,  1952)  but  later  were  assigned  to  R. 
humulis  (Smith,  1964);  however.  Hall  (1981)  failed  to  remove  this  locality  from  the 
distribution  of  R.  montanus,  although  adding  it  to  the  distribution  of  R.  humulis. 

Seven  specimens  (three  males  and  four  females)  from  4.8  km.  E  Tecumseh,  Pottawatomie 
Co.,  Oklahoma,  reported  herein  extend  the  known  distribution  of  R.  humulis 
approximately  130  kilometers  northwest  of  the  most  western  portion  of  its  previously 
recorded  range  in  the  state,  and  document  that  the  distribution  of  R.  humulis  extends  into 
central  Oklahoma.  The  specimens  were  collected  by  the  authors  on  8  and  9  May  1987  in  an 
oak-hickory  forest  interspersed  with  patches  of  native  grass.  The  habitat  represents  an 
interface  of  the  Osage  Savanna  and  mixed-grass  Plains  biotic  districts  (Blair  and  Hubbell, 
1938).  The  specimens  of  R.  humulis  were  collected  in  the  patches  of  native  grass  and  in 
sympatry  with  R.  fulvescens.  Specimens  are  deposited  in  The  Museum,  Texas  Tech 
University. 

Six  specimens  (three  males  and  three  females)  were  karyotyped  using  the  yeast-stress 
method  of  Lee  and  Elder  (1980).  The  karyotype  of  nondifferentially  stained  chromosomes 
(2n=50,  FN=49)  includes  47  small-  to  medium-sized  acrocentric  autosomes  and  one 
medium-sized  metacentric  autosome.  The  Y  is  a  small  metacentric  chromosome  and  the  X  is 
a  large  subtelocentric  chromosome.  This  karyotype  is  similar  (possibly  indistinguishable)  to 
that  reported  by  Engstrom  et  al.  (1981)  based  on  a  single  specimen  of  R.  humulis  from 
eastern  Texas. 

The  karyotype  reported  herein  and  the  karyotype  reported  by  Engstrom  et  al.  (1981)  are 
representive  of  R.  h.  merriami  (see  Hall,  1981).  The  karyotype  of  R.  h.  merriami  differs 
substantially  from  that  of  R.  h.  humulis  (2n=50,  FN=78)  from  Arkansas  and  Georgia 
(Arnold  et  al.,  1983;  Robbins  and  Baker,  1980)  and  from  that  of  R.  h.  humulis  (2n=51, 
FN=60?)  from  South  Carolina  (Carleton  and  Myers,  1979).  This  represents  considerably 
greater  karyotypic  variation  than  is  normally  characteristic  of  a  single  species  (Baker  et  al., 
1987)  and  suggests  that  additional  investigation  such  as  isozyme  studies  and  karyotypic 
analysis  of  contact  zones  between  cytotypes  would  be  valuable  in  understanding  its 
significance. 

We  thank  Drs.  R.  J.  Baker,  J.  K.  Jones,  Jr.,  and  C.  Jones  for  comments  and  aid  in 
specimen  identification,  and  Mr.  William  Heck  of  the  Barrett  Land  and  Cattle  Company 
for  access  to  property  to  collect  specimens.  This  study  was  funded  in  part  by  a  National 
Science  Foundation  Grant  (BSR  86-00646)  to  Robert  J.  Baker. 
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RECORDS  OF  MOUNTAIN  LION  {FEUS  CONCOLOR)  FROM  THE 
WESTERN  EDWARDS  PLATEAU  OF  TEXAS 

Mark  D.  Engstrom  and  Terry  C.  Maxwell 
Department  of  Biology,  Angelo  State  University,  San  Angelo,  Texas  76909 


In  western  Texas,  mountain  lions  were  once  common  in  the  valleys  of  the  Rio  Grande 
and  Pecos  rivers  and  through  much  of  the  Trans-Pecos  region  (Bailey,  1905),  but  currently 
are  thought  to  be  confined  mostly  to  remote  areas  of  the  Trans-Pecos  (Schmidly,  1977). 
Although  apparently  never  common,  historically,  occasional  individuals  have  been  reported 
from  the  western  Edwards  Plateau,  including  the  San  Angelo  area.  For  example,  W. 
Notson,  a  physician  stationed  at  Fort  Concho  (within  the  current  city  limits  of  San  Angelo) 
from  1868-1872,  noted  that  “.  .  .  puma,  not  very  numerous,  but  still  holding  a  place  in  the 
fauna  of  the  vicinity.  One  was  killed  inside  the  post,  measuring  over  eight  feet  from  the 
nose  to  tip  of  the  tail”  (Notson,  1974:7).  Vernon  Bailey  made  no  mention  of  mountain  lions 
in  his  field  notes  of  mammals  collected  in  the  San  Angelo  region  (Bailey,  1918),  although  he 
mentioned  a  specimen  purportedly  shot  near  Kerrville  in  the  southeastern  Edwards  Plateau, 
in  1915. 

In  the  past  100  years,  vegetation  in  the  western  Edwards  Plateau  has  changed  from  open 
savannah-grassland  to  dense  mesquite  or  juniper-live  oak  brush  in  many  areas,  probably 
mostly  due  to  the  control  of  fire  (Maxwell,  1979).  Dense  brushland  and  rough  canyonlands 
in  the  western  Edwards  Plateau  provide  potential  suitable  habitat  for  mountain  lions  and 
we  have  received  several  reports  of  F.  concolor  from  this  region  over  the  past  20  years,  of 
which  we  regard  the  following  as  the  most  reliable. 

From  1965  to  1967,  Mr.  R.  Trimble,  a  USDA  animal  damage  control  specialist,  observed 
and  monitored  the  activity  of  a  resident  mountain  lion  on  the  Rocker  B  Ranch  in  eastern 
Reagan  County,  approximately  65  km.  W  San  Angelo.  The  lion  denned  in  a  western 
soapberry  thicket  {Sapindus  saponaria)  near  a  gravel  bar  and  seep  on  Tepee  Draw  at  the 
base  of  a  rocky  bluff,  where  it  preyed  primarily  on  pronghorn  {Antilocapra  americana). 
Over  a  period  of  two  years,  the  mountain  lion  was  observed  several  times  and  Mr.  Trimble 
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Figure  1.  Young  adult  male  Felis  concolor  shot  by  Ms.  R.  Conley  (pictured)  in  eastern 
Irion  County,  32  km.  W  San  Angelo,  on  14  November  1987.  Reprinted,  with 
permission,  from  the  San  Angelo  Standard  Times,  15  November  1987. 

found  between  60  to  70  pronghorn  carcasses  in  the  thicket,  where  they  had  been  dragged 
after  being  killed  near  the  seep.  In  spring  1967,  the  mountain  lion  apparently  killed  a  colt 
on  the  ranch,  two  dogs  in  a  neighboring  community,  and  then  was  not  seen  again  (R. 
Trimble,  personal  communication).  On  6  October  1977,  Mr.  D.  Dolan  shot  a  young  male 
mountain  lion  while  “varmint  hunting”  about  8  km.  E  McCamey,  Upton  County 
(approximately  150  km.  WSW  San  Angelo).  The  following  notation  accompanied  a 
published  photograph  of  the  lion  (The  McCamey  News,  13  October  1977):  “The  young  male 
lion  weighed  83  lbs.  and  measured  5  feet  8  inches  from  tip  of  nose  to  tip  of  tail.”  On  8 
March  1980,  during  an  archaeological  reconnaissance  of  the  7D  Ranch  in  northwestern 
Irion  County  (60  km.  WNW  San  Angelo),  one  of  us  (TCM)  and  D.  Creel  examined  a 
probable  lion  kill  of  less  than  two  days  age.  An  adult  white-tailed  deer  {Odocoileus 
virginianus)  carcass,  partially  covered  with  grass  and  smelling  of  urine,  was  found  lying  in  a 
shallow  header  canyon  above  Kiowa  Creek.  The  deer  had  a  broken  neck,  deep  claw  marks 
on  the  shoulders,  and  one  hip  was  partially  eaten.  Copies  of  photographs  of  this  kill  are  on 
file  in  the  Angelo  State  Natural  History  Collections.  On  21  January  1982,  a  170-pound 
mountain  lion  was  struck  and  killed  by  a  car  on  Interstate  Highway  10,  west  of  Ozona  in 
Crockett  County  (approximately  120  km.  SW  San  Angelo).  An  official  of  the  Department 
of  Public  Safety  reported  the  kill  and  noted  (San  Angelo  Standard  Times,  21  January  1982) 
“The  driver,  an  unidentified  California  man,  was  not  injured,  but  his  car  was  damaged 
beyond  use.”  Unfortunately,  none  of  the  records  cited  above  was  confirmed  by  a  specimen 
of  a  mountain  lion. 
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On  14  November  1987,  Ms.  R.  Conley  killed  a  young  male  F.  concolor  while  deer 
hunting  near  Rocky  Creek  in  eastern  Irion  County,  32  km.  W  San  Angelo  (Fig.  1).  Prior  to 
the  shooting,  a  mountain  lion  (presumably  the  same  individual)  had  been  seen  in  eastern 
Irion  County  by  at  least  two  local  residents,  but  apparently  it  had  not  been  preying  on 
livestock.  Mr.  Bill  Tullos,  owner  of  the  ranch  on  which  Ms.  Conley  was  hunting  and  a 
lifelong  resident  of  Irion  County,  remarked  that  the  specimen  was  the  first  mountain  lion  he 
had  ever  seen.  Although  we  were  unable  to  obtain  the  specimen,  we  were  permitted  to 
examine  it.  Selected  external  measurements  for  this  individual  were  (in  centimeters,  unless 
indicated  otherwise):  total  length,  215.4;  length  of  tail,  82.0;  length  of  hind  foot,  29.0;  length 
of  ear,  10.5;  girth  (measured  immediately  posterior  to  the  shoulder),  64.8;  height  at  shoulder 
(distance  from  dorsal  surface  of  scapula  to  tip  of  front  foot),  67.0;  weight  (recorded  in  field 
by  hunter),  52.3  kilograms.  Testes  were  scrotal  and  measured  39  by  25  mm. 

Although  there  is  no  conclusive  evidence  of  a  stable  population  of  mountain  lions  in  the 
western  Edwards  Plateau,  available  records  suggest  regular,  albeit  rare,  occurrence  in  recent 
times.  F.  concolor  probably  never  has  been  common  in  this  region;  however,  individuals 
occasionally  occur  in  the  area  and  some  may  be  resident  in  rough  canyons  or  brushland. 
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AN  INVESTIGATION  OF  TEXAS  EBONY  SEED  PROVENANCES 
IN  THE  LOWER  RIO  GRANDE  VALLEY,  TEXAS. 

Robin  S.  Vora  and  Zachary  Labus 
Rio  Grande  Valley  National  Wildlife  Refuge.  Alamo,  Texas,  78516 


Texas  ebony,  Pithecellobium  flexicaule  (Benth.)  Coult.,  is  found  across  almost  all  upland 
and  riparian  habitats  in  the  lower  Rio  Grande  Valley  of  south  Texas.  Plant  height  varies  by 
habitat,  from  the  short  two  meter-tall  shrubs  in  the  upland  scrub  by  La  Sal  Vieja  to  the  14 
meter-tall  trees  in  the  immediate  river  floodplain.  Texas  ebony  is  a  likely  component  of  any 
climax  or  disclimax  forest  in  the  area.  The  tree  is  drought-hardy  and  requires  little  care 
when  used  as  an  ornamental.  It  can  be  easily  propagated  from  seed  (Alaniz  and  Everitt, 
1978)  or  seedling,  with  up  to  60  percent  establishment  for  both.  Hence,  it  is  perhaps  the 
most  widely  planted  native  used  in  plant  community  restoration  efforts  in  the  lower  Rio 
Grande  Valley,  and  is  one  of  the  few  natives  carried  by  most  local  nurseries. 

Success  is  establishing  Texas  ebony  plants  from  direct  seeding  in  fields  may  be  related  to 
local  genetic  adaptations.  Species  with  broad  geographical  ranges  often  develop  locally- 
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adapted  ecotypes  (Odum,  1971).  Seeds  for  commercial  reforestation  operations  usually  are 
collected  by  seed  provenances,  and  seedlings  grown  from  them  are  planted  in  those  same 
locales  to  insure  a  successful  new  crop  of  tress  (Smith,  1962). 

Our  objective  was  to  test  if  locally-collected  seed  had  higher  emergence  and  survival  than 
seeds  collected  from  four  other  sites,  and  to  determine  if  seed  collected  at  one  site  had 
higher  emergence  and  survival  across  all  five  sites.  The  sites  were  within  an  area  defined  by 
Brownsville  to  the  south  and  east.  Mission  (Palmview)  to  the  west,  and  La  Sal  Vieja  Lake 
to  the  north.  Secondarily,  correlations  with  soil  moisture  and  rainfall  were  examined. 

Seeds  of  Texas  ebony  were  collected  between  July  and  September  1986  from  five  areas: 
the  city  of  Brownsville;  San  Benito  cemetery  and  the  Polley  Farms  tracts  of  the  Rio  Grande 
Valley  National  Wildlife  Refuge  (RGVNWR);  Santa  Ana  National  Wildlife  Refuge  (NWR); 
the  Payne  tract  of  RGVNWR  adjacent  to  La  Sal  Vieja;  and  in  a  subdivision  one  kilometer 
west  of  the  Palmview  tract  of  RGVNWR  (near  Mission).  Seeds  were  scarified  with 
concentrated  sulfuric  acid  for  45  minutes  (Alaniz  and  Everitt,  1978;  Vora,  unpublished 
data),  rinsed  under  running  water  for  five  minutes,  and  dried  at  room  temperature. 

There  were  five  planting  study  sites:  Bosque  de  la  Palma  tract  of  RCjVNWR 
approximately  eight  kilometers  south  of  Brownsville;  Polley  Farms  tract;  Chapeno  Banco 
tract  of  RGVNWR  approximately  eight  kilometers  west  of  Santa  Ana  NWR;  Rudman  tract 
of  the  RGVNWR  adjacent  to  the  Payne  tract;  and  the  Palmview  tract.  Five  replications  or 
experimental  units  were  located  across  the  range  of  soil  types  (Soil  Conservation  Service 
maps)  at  each  of  the  five  study  sites.  Thirty  Texas  ebony  seeds  from  each  of  the  five 
collection  areas  were  planted  in  each  experimental  unit  (five  rows  of  30  seeds  in  each  unit). 
Seeds  were  sown  between  15  and  18  September  1986  by  placing  them  in  shallow  trenches 
approximately  0. 5-2.0  centimeters  deep  and  covering  them  with  soil.  Surface  soil  samples 
were  collected  in  plastic  ziplock  bags  at  each  unit  and  weighed  in  the  laboratory,  oven-dried 
at  177°C  for  seven  hours,  and  re-weighed  to  obtain  an  estimate  of  soil  moisture  (percent 
dry  weight). 

The  number  of  live  plants  in  each  row  at  each  experimental  unit  were  counted  on  4,  5, 
and  12  February  1987.  Data  were  analyzed  with  analyses  of  variance  (ANOVA)  and  Tukey’s 
multiple  comparison  tests.  The  relationship  between  percent  emergence  and  percent  soil 
moisture  at  time  of  planting  was  examined  using  a  simple  linear  correlation  coefficient. 

Locally-collected  seed  did  not  have  significantly  {P  >  0.05)  higher  emergence  than  seeds 
collected  elsewhere.  Seeds  collected  at  Palmview  had  significantly  (P  <  0.05)  higher 
emergence  across  all  sites  than  seeds  collected  at  Santa  Ana  or  La  Sal  Vieja  (Table  1). 
Mean  emergence  and  survival  across  all  areas  was  27  percent  (standard  deviation,  20 
percent  for  25  units,  6.6  percent  for  the  means  of  the  five  study  sites). 

There  was  no  correlation  between  soil  moisture  at  time  of  planting  and  emergence  and 
survival  five  months  later  (r  =  —0.02).  Mean  soil  moisture  at  Polley  Farms  at  planting  time 
(19  percent)  was  more  than  twice  that  of  any  other  study  area,  yet  seedling  emergence  and 
survival  there  (23  percent)  was  the  second  lowest  (Table  1).  Emergence  and  survival  was 
highest  (38  percent)  at  the  Bosque  de  la  Palma  tract  near  Brownsville  (Table  1). 

Superior  emergence  of  seed  collected  at  Palmview  may  have  been  due  to  seed  maturity  at 
the  time  of  collection,  size  of  seeds,  or  a  locally  superior  genotype.  We  did  note  that  seeds 
collected  at  Palmview  were  larger  than  those  collected  elsewhere.  Variability  in  emergence 
was  high  among  experimental  units  at  each  study  site  (coefficient  of  variation,  90  percent  at 
Palmview  for  seeds  collected  at  Palmview),  and  as  many  as  25  experimental  units  would 
have  been  needed  at  Palmview  to  confirm  that  seed  collected  locally  had  10  percent  higher 
emergence  than  seed  collected  at  another  locale  {a  =  0.05,  P  =  0.20). 

Height  growth  was  not  measured  because  seedlings  were  still  less  than  10  centimeters  in 
February  (10  months  after  sowing).  The  experimental  units  should  be  rechecked  in  two  or 
three  years  to  see  if  plants  from  local  seed  sources  grew  faster  or  had  a  higher  survival  rate. 

Rainfall  in  the  weeks  or  months  after  planting  may  be  more  important  than  soil  moisture 
at  time  of  planting.  Rains  in  late  autumn  and  winter  were  100  millimeters  higher  in  the 
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Table  1.  Emergence  relationship  of  seed  collection  site  to  planting  site  for  Texas  ebony, 
Pithecellobium  flexicaule  (mean  emergence  of  30  seeds,  standard  deviation  in  parenthesis). 


Planting 

site 

Seed  collection  site 

Site 

mean 

Site 

mean  (%) 

Palm- 

view 

San 

Benito 

Browns¬ 

ville 

Santa 

Ana 

La  Sal 
Vieja 

Palmview 

1 1.2(10.1) 

10.2(10.6) 

8.0(6.3) 

6. 6(3. 6) 

4.4(3. 8) 

8.1(2.7) 

(27%) 

San  Benito 

9.0(6.8) 

7.0(9.6) 

7.8(7.0) 

4.0(6.7) 

6.0(6.7) 

6.8(1. 9) 

(23%) 

Brownsville 

16.0(10.1) 

13.6(6.9) 

10.6(3.0) 

10.4(7.3) 

6.6(2. 1) 

11.4(3.6) 

(38%) 

Santa  Ana 

12.8(9.6) 

10.6(5.2) 

6.0(4.5) 

9.0(5.8) 

4.2(1. 9) 

8.5(3.5) 

(28%) 

La  Sal  Vieja 

6.8(1 1.5) 

7.2(8. 5) 

7.4(7.2) 

4.0(5. 8) 

6.4(5.4) 

6.4(1. 4) 

(21%) 

Mean' 

11.2(3.5)a 

9.7(2. 7)ab 

8.0(l.7)abc 

6.8(2.9)bc 

5.5(1. l)c 

8.2 

(27%) 

(37%) 

(32%) 

(27%) 

(23%) 

(18%) 

'Means  followed  by  the  same  letter  are  not  significantly  different  (P  >  0.05)  (Tukey’s  Multiple  Comparison  Test). 


Brownsville  area  than  at  other  sites  (National  Weather  Service  data),  and  this,  perhaps 
along  with  soil  factors  may  have  accounted  for  higher  success  there. 

Study  sites  were  limited  to  the  range  of  areas  that  Texas  ebony  are  planted  presently  by 
the  U.S.  Fish  and  Wildlife  Service  and  Texas  Parks  and  Wildlife  Department.  Inclusion  of 
collection  areas  and  study  sites  by  the  Gulf  Coast,  or  in  western  Starr  county,  might  show 
differences  in  seedling  emergence,  and  the  presence  of  seed  provenances  or  ecotypes. 

The  authors  thank  Timothy  Fulbright,  James  Everitt,  Robert  Lonard,  and  Curtis 
Halvorson  for  editorial  assistance. 
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NOTES  ON  PREDATION  ON  THE 
ENDANGERED  HOUSTON  TOAD,  BUFO  HOUSTONENSIS 


Paul  S.  Ereed  and  Keith  Neitman 
Section  of  Herpetology,  Houston  Zoological  Gardens,  1513  Outer  belt  Drive, 
Houston,  Texas  77030 


Predation  on  Bufo  tadpoles  and  eggs  by  several  species  of  aquatic  insects  and  by 
representatives  of  all  the  vertebrate  classes  is  well  documented  (Voris  and  Bacon,  1966; 
Licht,  1968;  Heyer  et  al.,  1975;  Arnold  and  Wassersug,  1978;  Beiswenger,  1981; 
Formanowicz  and  Brodie,  1982).  In  this  paper,  we  report  the  first  observation  of  predation 
on  tadpoles  of  the  Houston  toad,  Bufo  houstonensis,  by  two  species  of  colubrid  snakes,  as 
well  as  predation  on  newly-metamorphosed  toads  by  the  red  imported  fire  ant,  Solenopsis 
invicta. 

The  Section  of  Herpetology,  Houston  Zoological  Gardens,  was  involved  in  a  relocation 
and  captive  propagation-release  program  with  B.  houstonensis  from  1983  to  1987.  Suitable 


GENERAL  NOTES 


455 


Figure  1.  Newly-metamorphosed  Bufo  houstonensis  attacked  by  fire  ants. 


habitat  for  the  relocation  of  B.  houstonensis  was  sought,  because  one  of  the  main  reasons 
for  its  decline  was  habitat  destruction  (Hillis  et  al.,  1984).  The  release  site  chosen  was  the 
Attwater  Prairie  Chicken  National  Wildlife  Refuge  in  Colorado  County,  Texas.  The  refuge, 
within  the  historic  range  of  B.  houstonensis,  is  located  about  20  kilometers  west  of  Sealy.  It 
has  a  number  of  man-made  permanent  ponds  where  several  groups  of  B.  houstonensis  eggs, 
tadpoles,  and  newly-metamorphosed  toads  were  introduced  in  late  February,  March,  and 
early  April,  1983  to  1987.  The  habitat  surrounding  the  ponds  is  open  prairie  grassland. 
Daily  trips  to  the  study  site  were  made  to  monitor  environmental  parameters  and  to  make 
natural  history  observations  on  the  introduced  populations  of  B.  houstonensis.  The  majority 
of  observations  were  made  between  1700  and  2300  hours. 

On  16  March  1986  at  approximately  1730  hours,  a  juvenile  blotched  water  snake, 
Nerodia  erythrogaster  transversa,  was  taken  at  one  of  the  study  sites.  The  snake,  320  mm  in 
total  length,  was  five  meters  from  the  original  release  site  of  B.  houstonensis  eggs,  and  was 
at  the  water’s  edge  where  B.  houstonensis  tadpoles  also  were  observed.  The  snake  was 
palpated  to  induce  regurgitation.  This  technique  yielded  eight  B.  houstonensis  tadpoles,  five 
of  which  were  intact  and  subsequently  preserved  and  deposited  in  the  vertebrate  collection 
of  Texas  A&M  University  (TCWC  L/E  206).  The  remaining  tadpoles  were  partially 
digested.  The  tadpoles  were  at  about  developmental  stage  29  (Gosner,  1960). 

On  20  April  1986  at  1630  hours,  a  Gulf  Coast  ribbon  snake,  Thamnophis  proximus 
orarius,  460  mm  in  total  length,  was  caught  on  the  shoreline  of  another  study  site.  Because 
it  had  been  determined  that  the  Nerodia  was  a  predator  on  B.  houstonensis  tadpoles,  this 
snake  also  was  palpated.  A  single,  partially  digested  tadpole  was  obtained  from  this 
specimen.  It  was  assumed  to  be  a  B.  houstonensis  tadpole  because  it  was  similar  in  size, 
coloration,  and  developmental  stage  {ca.  stage  35 — Gosner,  1960)  to  the  B.  houstonensis  in 
the  surrounding  water.  The  ribbon  snake  was  released,  as  was  the  water  snake,  in  a  part  of 
the  refuge  away  from  the  study  area. 

By  late  April  1986,  the  B.  houstonensis  tadpoles  had  begun  to  metamorphose.  During  the 
later  stages  of  metamorphosis  (stages  44-46  of  Gosner,  1960),  anuran  larvae  are  susceptible 
to  predation  by  shoreline  predators  (Calef,  1973;  Heyer,  1976).  One  of  the  study  sites  had 
an  abundance  of  the  red  imported  fire  ant,  Solenopsis  invicta,  inhabiting  the  shoreline.  Fire 
ants  were  observed  preying  upon  newly-metamorphosed  toadlets  as  they  emerged  from  the 
water  (Fig.  I).  In  several  instances,  ants  were  observed  foraging  onto  the  water  by  using 
available  surface  vegetation.  Toadlets  that  utilized  vegetation  to  leave  the  water  also  were 
preyed  upon  by  the  ants.  We  observed  toadlets  that  were  estimated  to  be  a  week  old 
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evading  fire  ants,  unlike  newly-metamorphosed  toads.  Because  Taigen  and  Pough  (1985) 
reported  that  newly-metamorphosed  American  toads  {Bufo  americanus)  have  reduced 
metabolic  capacity  (hence  reduced  flight  capacity)  as  compared  to  older  toadlets,  we  assume 
that  fire  ants  may  have  a  significant  effect  on  some  newly-metamorphosed  anuran 
populations. 

This  research  was  made  possible  by  grants  for  a  Houston  toad  conservation  program  to 
the  Houston  Zoological  Gardens  from  the  United  States  Department  of  Interior,  Fish  and 
Wildlife  Service,  Office  of  Endangered  Species,  and  the  Zoological  Society  of  Houston. 
Additional  financial  assistance  was  given  by  the  City  of  Houston.  The  study  was  conducted 
under  the  authority  of  Texas  Parks  and  Wildlife  Department  Zoological  Collecting  and 
Holding  Permit  ZC018,  and  the  United  States  Department  of  the  Interior  Fish  and  Wildlife 
Permit  PRT-676811  to  the  Houston  Zoological  Gardens.  We  thank  Paula  Neitman  and 
Deborah  A.  Burdick  for  their  assistance  with  this  project.  We  also  thank  Karl  H.  Peterson 
for  reviewing  the  manuscript. 
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PLANTING  SEEDS  OF  FOUR  SOUTH  TEXAS  NATIVE  SPECIES 
UNDER  MULCH  COVER 

Robin  S.  Vora,  Robert  W.  Schumacher,  and  Zachary  Labus 
Rio  Grande  Valley  National  Wildlife  Refuge,  Alamo,  Texas,  78516 


The  hot,  semiarid  climate  of  the  lower  Rio  Grande  Valley  of  south  Texas  makes 
revegetation  of  old  fields  difficult  in  the  absence  of  water  or  mulch  to  reduce 
evapotranspiration  stress.  Water  is  not  available  at  all  sites,  is  expensive  at  $2.50  per 
hectare-meter  ($21  per  acre-foot),  requires  coordination  and  contracts  with  farmers  to 
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Table  1.  Mean  emergence  and  survival  of  plants  in  mulch  and  control  units. 


Species 

Treatment 

Number 

Q  nf 

Number  of  live  plants 

Percent  success 

picinicG 

each  unit 

29  Jul 

8  Sep 

5  Feb 

29  Jul 

5  Feb 

Huisache  and 

Mulch 

2400 

163 

128 

72 

7 

3 

huisachillo 

Control 

2400 

5 

10 

12 

<1 

<1 

Tepeguaje 

Mulch 

1500 

9 

9 

8 

<1 

<1 

Control 

1500 

37 

6 

14 

2 

<1 

Texas  ebony 

Mulch 

1500 

104 

90 

61 

7 

4 

Control 

1500 

9 

15 

30 

<1 

2 

apply,  and  its  availability  is  decreasing  with  population  increases.  Mulch  is  an  alternative 
that  has  not  been  tried  with  propagation  of  native  species  in  old  fields.  An  exploratory 
experiment  was  conducted  to  test  the  effectiveness  of  a  commercial  straw  blanket  for  mulch 
to  enhance  seed  emergence  and  seedling  establishment  in  old  fields. 

The  straw  blanket  (North  American  Green  of  Evansville,  Indiana)  measured  two  meters 
by  25  meters  and  weighed  approximatley  20  kilograms.  It  was  one  to  two  centimeters  thick 
when  not  compressed. 

Three  sites  were  chosen  for  the  experiment — La  Coma,  Chapena  Banco,  and  Palmview 
tracts  of  the  Rio  Grande  Valley  National  Wildlife  Refuge.  These  sites  were  located  between 
La  Joya  and  Progresso  in  the  lower  Rio  Grande  Valley.  The  first  two  sites  were  situated 
within  half  a  kilometer  of  the  Rio  Grande  River  on  Rio  Grande  silt  loam  soils  in  the  former 
floodplain.  Palmview  was  located  on  a  terrace  at  the  edge  of  the  floodplain  on  Hidalgo 
sandy  clay  loam  soils,  and  was  about  three  kilometers  from  the  river.  Each  site  contained  a 
paired  plot  consisting  of  a  mulch  carpet,  and  an  adjacent  unmulched  control.  The  same 
planting  pattern  was  used  in  all  six  experimental  units.  Seeds  were  planted  under  mulch 
cover  at  all  three  sites  on  11  June  1986.  Seeds  were  planted  in  the  control  units  on  12  June 
1986  at  Chapena  Banco  and  Palmview,  and  on  13  June  1986  at  La  Coma. 

We  sowed  6550  seeds  of  four  native  brush  species  in  each  of  the  six  units  (Table  1).  Seeds 
were  scarified  with  concentrated  sulfuric  acid  prior  to  planting:  Texas  ebony,  Pithecellobium 
flexicaule  (Benth.)  Coult.,  for  30  minutes  (Alaniz  and  Everitt,  1978),  huisache.  Acacia 
smallii  Isely,  for  45  minutes  (Scifres,  1974),  huisachillo,  A.  schaffneri  (Wats.)  Herm.,  for  45 
minutes  (Everitt,  1983),  and  tepeguaje,  Leucena  pulverulenta  (Schlecht.)  Benth.  for  five 
minutes  (Vora  unpublished  data).  Seeds  in  mulch  units  were  covered  with  the  straw  blanket, 
whereas  seeds  in  control  units  were  covered  with  a  thin  layer  of  dirt  tossed  on  with  a 
shovel.  Surface  soil  moisture  (percent  of  oven-dry  weight  of  soil  within  eight  centimeters  of 
the  surface)  was  3.4  percent  at  Palmview  (12  June),  6.4  percent  at  Chapena  Banco  (12 
June),  and  13.6  percent  at  La  Coma  (13  June).  It  rained  heavily  on  12  June  (estimated  50  to 
75  mm)  during  the  late  afternoon. 

Emergence  and  survival  counts  were  made  on  29  July  and  8  September  1986,  and  5 
February  1987.  Huisache  and  huisachillo  seedlings  were  similar  in  appearance  and  were 
lumped  for  analyses.  Results  were  analyzed  with  a  paired  t-test.  Reference  herein  to 
commercial  products  does  not  imply  endorsement  by  the  federal  government. 

A  brief  inspection  of  the  experimental  units  on  9  July  1986  (after  29  days)  showed  that 
herbaceous  vegetation  had  invaded  and  dominated  the  sites.  The  mulched  portions  appeared 
to  have  a  lower  biomass  of  herbaceous  plants. 

By  29  July  1986,  no  differences  in  weedy  biomass  were  apparent  between  mulch  and 
control  units.  Tall  herbaceous  vegetation,  especially  pigweed  {Amaranthus  palmeri  Wats.) 
made  detection  of  seedlings  difficult  in  the  La  Coma  unit.  The  competing  vegetation  was 
much  sparser  at  the  other  two  sites,  allowing  more  accurate  counts. 
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Huisache  and  huisachillo  seeds  in  the  mulch  units  emerged  soon  after  planting;  by  29  July 
seven  percent  of  the  plants  had  emerged  (Table  1).  Mortality  over  the  summer  and  autumn 
reduced  mean  survival  to  three  percent  of  the  original  2400  seeds  planted.  Emergence  in  the 
control  units  was  low  (less  than  one  percent).  Results  of  a  paired  t-test  were  not  significant 
{P  >  0.05)  despite  large  empirical  differences  in  emergence  between  mulch  and  control  units 
(Table  1). 

Tepeguaje  emergence  was  low  at  all  sites  (less  than  one  percent) — see  Table  1.  Emergence 
was  higher  in  the  control  than  in  the  mulch  units  on  29  July. 

Emergence  and  survival  of  Texas  ebony  seeds  followed  a  pattern  similar  to  huisache  and 
huisachillo  (Table  1).  Emergence  was  seven  percent  in  the  mulch  units  on  29  July.  By  5 
February,  this  number  had  reduced  to  four  percent  compared  to  two  percent  for  controls. 
Differences  were  not  statistically  significant  {P  >  0.05).  Emergence  increased  for  all  species 
between  8  September  and  5  February  in  the  control  units  (Table  1). 

Additional  emergence  after  September  8  presumably  was  due  to  increased  soil  moisture 
from  autumn  and  winter  rains.  Soil  moisture  may  have  been  inadequate  in  the  control  units 
for  some  seeds  to  imbibe  water  and  germinate  in  the  summer. 

Statistical  analyses  were  not  significant  because  of  small  sample  sizes  (df  =  2)  and  large 
variation  in  survival  among  sites.  Coefficients  of  variation  of  the  differences  between  mulch 
and  control  units  ranged  from  92  to  243  percent.  Fifteen  or  more  paired  sites  would  be 
needed  for  a  statistically  valid  test  (a  =  0.05,  /S  =  0.20).  A  completely  randomized  design 
would  have  been  more  efficient  than  the  randomized  block  design  used  in  this  experiment. 

Yet,  data  suggest  that  mulch  may  favor  the  emergence,  or  perhaps  the  survival,  of  newly 
germinated  seedlings  of  Texas  ebony,  huisache,  and  huisachillo.  If  true,  the  seedling 
establishment  may  have  been  due  to  more  soil  moisture  being  retained  under  the  mulch 
cover.  Unfortunately,  soil  moisture  was  not  measured  in  either  the  mulch  or  control  units. 
Less  competing  herbaceous  biomass  was  observed  in  the  mulch  units  for  a  few  weeks  after 
initial  planting,  which  may  have  enhanced  the  survival  of  newly  germinated  seedlings.  The 
tepeguaje  seed  coat  is  not  as  hard  as  seedcoats  of  the  other  three  species  and  perhaps  it  can 
germinate  and  survive  in  drier  soils;  hence  the  mulch  may  not  have  enhanced  its  emergence. 

The  straw  blankets  may  be  useful  to  germinate  seeds  in  a  small  area,  such  as  in  the  yard 
of  a  residence.  At  a  cost  of  about  one  dollar  per  square  meter  ($50  for  the  50-meter  square 
carpet),  plus  installation  costs,  they  are  not  practical  for  large  scale  revegetation  projects. 
The  results  do  suggest,  however,  that  some  form  of  mulch  may  be  effective  in  growing  three 
of  these  species  from  seed,  and  a  cheaper  form  of  mulch  may  be  practical  in  revegetating 
old  fields.  Further  trials  are  needed  with  larger  sample  sizes  and  at  various  times  of  the 
year. 

The  authors  thank  T.  E.  Fulbright,  J.  H.  Everitt,  R.  1.  Lonard,  and  C.  H.  Halvorsen  for 
editorial  comments.  Soils  were  identified  by  J.  Jacobs  of  the  Soil  Conservation  Service, 
Harlingen,  Texas. 
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NOTES  ON  REPRODUCTION  AND  POSTJUVENILE  MOLT  IN 
TWO  GENERA  OF  POCKET  GOPHERS,  CRATOGEOMYS  AND 
THOMOMYS,  IN  TEXAS 

Beth  R.  Davidow-Henry  and  J.  Knox  Jones,  Jr. 

The  Museum  and  Department  of  Biological  Sciences,  Texas  Tech  University, 
Lubbock,  Texas  79409 


Most  of  what  is  known  of  reproduction  and  molt  in  the  yellow-faced  pocket  gopher, 
Cratogeomys  castanops,  throughout  its  range  is  anecdotal  and  postjuvenile  molt  in  that 
species  has  not  been  described.  Similarly,  little  has  been  published  concerning  reproduction 
and  molt  in  Botta’s  pocket  gopher,  Thomomys  bottae,  in  Texas  and  immediately  adjacent 
areas.  We  recorded  reproductive  data  from  labels  of  specimens  of  both  species  of  gophers  in 
the  collections  of  The  Museum,  Texas  Tech  University,  and  of  Midwestern  State  University, 
and  mapped  postjuvenile  molt  from  available  museum  skins  in  those  same  two  collections. 
A  summary  of  our  findings  is  given  here. 

Cratogeomys  castanops. — Davis  (1974)  opined  that  breeding  in  this  species  probably 
begins  in  Texas  in  March  or  April.  He  reported  lactating  females  from  June,  gravid  females 
from  August,  and  that  nearly  full-grown  young  in  juvenile  pelage  were  common  by  mid- 
July.  All  pregnant  females  examined  by  Davis  contained  two  fetuses.  Schmidly  (1977)  noted 
that  pregnant  females,  which  in  each  case  carried  two  fetuses,  were  on  record  from  Trans- 
Pecos  Texas  from  June,  July,  and  August,  which  suggested  to  him  that  “two  litters  are 
produced  each  year.”  However,  in  Lubbock  County,  Texas,  Smolen  et  al.  (1980)  reported 
that  females  produced  multiple  litters  annually.  Three  individuals  had  a  minimum  of  three 
litters,  and  possibly  four,  in  one  reproductive  season;  all  three  first  were  pregnant  in 
January  or  February.  In  neighboring  Coahuila,  Baker  (1956)  described  two  distinct  breeding 
periods,  one  in  winter  (December  to  March)  and  the  other  in  summer  (June  to  August).  He 
listed  pregnant  females  as  taken  in  December,  January,  March,  June,  July,  and  August; 
females  carried  one  to  three  (average  1.8)  fetuses.  Lactating  animals  were  trapped  in 
Coahuila  in  January,  June,  and  July. 

In  Texas  specimens  available  to  us,  we  recorded  gravid  females  taken  in  every  month 
except  January,  April,  and  September,  and  pregnancies  in  those  three  months  were  reported 
by  Ikenberry  (1964)  or  Smolen  et  al.  (1980),  or  both.  The  range  in  number  of  fetuses  in  25 
females  was  one  to  four.  Two  was  the  mode  (18  animals);  three  females  carried  one  fetus, 
three  carried  three,  and  only  one  contained  four.  Thus,  the  average  number  of  fetuses  per 
female  was  2.08. 

We  recorded  lactating  females  from  January,  February,  March,  May,  July,  August, 
October,  and  December;  in  addition,  Smolen  et  al.  (1980)  recorded  lactation  in  April. 
Juvenile  animals  (juvenile  pelage,  at  least  in  part)  were  present  in  our  sample  in  all  months 
except  September  and  December. 

From  the  foregoing  data,  we  conclude  that  Cratogeomys  castanops  is  reproductively 
active  the  year  around  in  Texas.  Although  possibly  biased  by  collecting  activities  and  field 
procedures  of  personnel  associated  over  the  years  with  the  two  institutions  in  which 
specimens  we  examined  are  housed,  we  discerned  no  unusually  marked  peaks  in 
reproductive  activity  as  have  been  reported  elsewhere.  We  agree  with  Smolen  et  al.  (1980) 
that  at  least  some  individuals  bear  multiple  litters  annually. 

The  juvenile  pelage  of  C.  castanops  is  straw-colored  or  grayish  yellow,  contrasting 
markedly  with  the  fuller  and  generally  darker  pelage  of  adults.  Postjuvenile  molt  evidently 
begins  on  the  head  and  proceeds  posteriorly  to  the  level  of  the  eyes  and  ears,  and  at  the 
same  time  proceeds  ventrad  over  the  cheeks  and  upper  throat.  Thereafter,  the  venter 
apparently  molts  rather  rapidly,  because  we  found  few  animals  in  process  of  ventral  molt, 
adult  pelage  being  already  in  place  even  though  molt  on  the  dorsum  was  evident  and 


460  THE  TEXAS  JOURNAL  OF  SCIENCE— VOL.  40,  NO.  4,  1988 


Figure  1.  Composite  stages  of  postjuvenile  molt  on  the  dorsum  of  Cratogeomys  castanops. 


frequently  less  than  half  completed.  From  the  region  of  the  eyes  and  ears,  molt  progresses 
posteriorly  on  the  dorsum,  with  middorsal  areas  molting  sooner  than  the  flanks,  the 
posterior  part  of  which,  along  with  the  area  at  the  base  of  the  tail,  being  the  last  to  molt. 
Four  typical  stages  of  postjuvenile  molt  progression  in  C.  castanops  are  illustrated  in 
Figure  1. 

Thomomys  hottae. — Both  Davis  (1974)  and,  following  him,  Schmidly  (1977)  recorded  this 
gopher  as  breeding  the  year  around  in  Texas,  with  litters  comprising  five  young,  but  these 
data  were  based  primarily  on  information  published  by  Miller  (1946)  on  reproduction  in 
this  species  in  California.  There  is  some  indication  in  the  literature  that  females  bear  fewer 
litters  and  more  young  per  litter  in  the  northern  parts  of  the  range  of  the  species.  Vaughan 
(1967)  reported,  for  example,  that  T.  hottae  probably  has  but  one  litter  a  year  in  Colorado, 
with  an  average  of  3.5  (range  one  to  six)  young,  and  Miller  (op.  cit.)  opined  that  females  in 
northern  populations  along  the  Pacific  Coast  and  in  montane  habitats  had  “one  more  or 
less  limited  breeding  season  (spring)  while  in  the  southern  regions  the  breeding  season  is 
more  extended,”  beginning  in  autumn  and  terminating  in  spring.  Lay  (1978)  recorded  an 
average  of  5.74  embryos  from  74  spring-taken  females  in  Nevada;  he  also  noted  some 
resorbtion  of  embryos. 

In  any  event,  our  examination  of  specimens  from  Texas  revealed  pregnant  females 
collected  only  in  the  months  of  October,  November,  December,  and  February.  The  number 
of  fetuses  in  1 1  females  ranged  from  one  to  five  (average  2.73);  two  females  carried  a  single 
fetus,  three  had  two,  three  had  three,  two  had  four,  and  one  contained  five.  One  animal  was 
labeled  as  “post-lactating”  in  June.  We  have  examined  individuals  in  juvenile  pelage  or  in 
the  process  of  postjuvenile  molt  that  were  taken  in  the  months  of  February  through  July. 
According  to  Andersen  (1978),  postjuvenile  molt  in  Thomomys  talpoides  is  “up  to  half 
completed”  at  100  days  of  age. 

On  the  basis  of  these  admittedly  incomplete  data,  the  evidence  suggests  that  breeding 
takes  place  primarily  in  the  autumn  and  winter  months  in  Texas.  Whether  more  than  one 
litter  usually  is  produced  annually  per  adult  female  cannot  be  ascertained  with  certainty 
from  information  available  to  us. 
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We  found  many  fewer  specimens  of  Thomomys  than  Cratogeomys  that  illustrated 
postjuvenile  molt.  Those  that  were  examined  seemed  to  follow  the  same  general  pattern  as 
described  for  C.  castanops  except  that  vast  areas  of  the  body  frequently  were  molting  at  the 
same  time.  It  was  not  uncommon,  for  example,  to  find  an  individual  that  had  completed 
molt  ventrally,  had  new  pelage  on  the  head  and  shoulders  dorsally,  and  had  new  pelage 
actively  growing  in  over  almost  all  the  rest  of  the  dorsum,  the  incoming  hairs  progressively 
shorter  posteriorly.  This  is  in  keeping  with  the  findings  of  Morejohn  and  Howard  (1956), 
who  wrote  of  this  species:  “Skins  from  small  juvenile  animals,  in  most  cases,  showed  hair 
replacement  occurring  over  the  entire  body  simultaneously.”  Juvenile  pelage  usually  is  pale 
grayish  in  color,  and  is  noticeably  sparser  than  the  pelage  of  adults. 
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A  NEW  LOCALITY  OF  RECORD  FOR  THE  EASTERN  HARVEST  MOUSE 
{REITHRODONTOMYS  HUMULIS)  IN  NORTHEASTERN  TEXAS 

Richard  M.  Pitts  and  Gary  F.  King 
420th  Engineer  Brigade,  511  Carson  Street,  Bryan,  Texas  77801 


The  eastern  harvest  mouse,  Reithrodontomys  humulis,  occurs  in  the  southeastern  United 
States,  ranging  from  Maryland  and  Ohio  southward  to  Florida  and  westward  to 
southeastern  Oklahoma  and  eastern  Texas  (Jones  et  al.,  1986).  In  Oklahoma,  the  western 
distributional  limits  for  R.  humulis  are  5  mi  N.  Wilburton,  Latimer  County  (Jones  and 
Anderson,  1959),  and  5  mi  N.  Colbert,  Bryan  County  (Smith,  1964).  Based  on  specimens  in 
collections,  the  two  northwesternmost  localities  of  record  for  the  species  in  northern  Texas 
are  1  mi  S.  New  Boston,  Bowie  County  (Packard,  1961),  and  Fairfield,  Freestone  County 
(Schmidly,  1983). 

On  20  November  1987,  four  adult  eastern  harvest  mice,  two  females  and  two  males,  were 
captured  1.5  mi  E.  Paris,  Lamar  Co.  Texas.  The  collecting  site  was  a  triangular  grassy  field 
of  1.42  hectares.  It  was  bordered  on  the  east  by  a  small  creek,  whereas  the  northwest  and 
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south  were  bordered  by  EM  1508  and  State  Hwy.  271,  respectively.  The  dominant 
vegetation  was  dense  strands  of  Johnson  grass  {Sorghum  halepense)  and  bluestem 
{Andropogon  sp.).  The  new  locality  is  approximately  103  kilometers  northwest  and  222 
kilometers  northeast,  respectively,  of  the  two  previous  northwesternmost  localities  of  record 
in  Texas.  A  record  from  Lamar  County  is,  therefore,  noteworthy,  as  it  fills  the  gap  between 
Bryan  County,  Oklahoma,  and  Bowie  and  Freestone  counties,  Texas,  and  extends  the 
known  range  of  R.  humulis  westward  to  the  south  of  the  Red  River  (Hall,  1981;  Schmidly, 
1983). 

Other  mammals  associated  with  eastern  harvest  mice  at  the  collection  site  were  the  least 
shrew,  Cryptotis  parva,  cotton  rat,  Sigmodon  hispidus,  and  marsh  rice  rat,  Oryzomys 
palustris.  All  specimens  are  deposited  in  the  Texas  Cooperative  Wildlife  Collection,  Texas 
A&M  University. 

We  would  like  to  thank  Dr.  J.  Knox  Jones,  Jr.,  for  his  critical  review  of  the  manuscript 
and  for  his  advise  and  helpful  suggestions. 
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RECORDS  EXTENDING  THE  BREEDING  SEASON  OF 
THE  WHITE-THROATED  WOODRAT,  NEOTOMA  ALBIGULA,  IN 
SOUTHWESTERN  TEXAS 

Richard  M.  Pitts  and  Michael  J.  Smolen 
420th  Engineer  Brigade,  511  Carson,  Bryan,  Texas  77801,  and  Department  of 
Wildlife  and  Fisheries  Sciences,  Texas  A&M  University,  College  Station,  Texas  77843 


An  examination  of  white-throated  woodrats,  Neotoma  albigula,  in  the  Texas  Cooperative 
Wildlife  Collection,  Texas  A&M  University,  has  revealed  noteworthy  information  on 
reproduction  in  that  species.  The  known  breeding  season  of  N.  albigula  in  Texas  is 
restricted  to  the  period  from  January  to  September  (Davis,  1974).  Schmidly  (1977)  reported 
pregnant  females  collected  in  the  Guadalupe  Mountains  from  May  through  August.  In 
Arizona,  records  indicate  that  breeding  ceases  by  August  and  is  nonexistent  through 
October  (Hoffmeister,  1986).  In  the  plains  states,  the  breeding  season  spans  the  warmer 
months  (Jones  et  al.,  1985). 

Six  pregnant  female  N.  albigula  were  obtained  by  John  T.  Baccus  in  Big  Bend  National 
Park,  Brewster  Co.,  Texas,  in  the  autumn  of  1970.  Collection  dates  and  specimens 
examined  are  as  follows:  3  October  (TCWC  46341),  two  fetuses  45  mm  in  crown-rump 
length;  1 1  October  (TCWC  46346),  two  fetuses  58  mm  in  crown-rump  length;  1  November 
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(TCWC  46388),  two  fetuses  38  mm  in  crown-rump  length;  21  November  (TCWC  46331), 
two  fetuses  50  mm  in  crown-rump  length;  25  November  (TCWC  46318),  one  fetus  2  mm  in 
crown-rump  length;  2  December  (TCWC  46324)  one  fetus  5  mm  in  crown-rump  length. 

Gestation  in  this  woodrat  lasts  approximately  38  days  (Davis,  1974).  Backdating  from  the 
capture  dates  and  using  the  gestation  period  indicates  that  the  breeding  season  of  N. 
albigula  in  the  mountains  of  Big  Bend  National  Park  extends  at  least  through  November, 
and  probably  is  year-round  in  that  area. 
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A  SPECIMEN  OF  THE  PRAIRIE  VOLE,  MICROTUS  OCROGASTER, 
FROM  THE  NORTHERN  TEXAS  PANHANDLE 

Richard  W.  Manning  and  J.  Knox  Jones,  Jr. 

The  Museum  and  Department  of  Biological  Sciences,  Texas  Tech  University, 
Lubbock,  Texas  79409 


The  prairie  vole,  Microtus  ochrogaster,  previously  was  thought  to  reach  the  southwestern 
limits  of  its  distribution  in  northern  New  Mexico,  southwestern  Kansas,  and  west-central 
Oklahoma  (Hall,  1981).  Its  possible  occurrence  in  the  Canadian  River  drainage  in  the  Texas 
Panhandle  has  been  postulated  (Jones  et  al.,  1987),  although  no  specimens  have  been 
reported  from  that  area.  The  species  (subspecies  M.  o.  ludovicianus)  is  known  in  Texas  only 
from  Sour  Lake,  Hardin  County,  in  the  extreme  southeastern  part  of  the  state,  where  a 
single  individual  was  taken  in  1902  (Jones  et  al.,  1988). 

On  15  July  1988,  we  live-trapped  an  adult  female  prairie  vole  (TTU  52211)  8  mi.  S 
Spearman,  Hansford  Co.,  Texas.  The  trapsite  was  along  a  fenceline  separating  a  field  of 
wheat  stubble  from  a  roadway.  The  fencerow  was  overgrown  with  grassy  and  weedy  cover, 
primarily  wild  oats  {Avena  sp.)  and  wheat  grass  {Agropyron  sp.),  some  standing  and  some 
matted.  Spermophilus  tridecemlineatus,  Chaetodipus  hispidus,  Reithrodontomys  megalotis, 
Peromyscus  maniculatus,  Sigmodon  hispidus,  and  Mus  musculus  were  taken  in  the  same 
trapline.  Our  vole  was  pregnant  with  four  fetuses  that  measured  five  millimeters  in  crown- 
rump  length.  It  provides  the  only  record  from  Texas,  other  than  the  one  individual  from 
Sour  Lake,  and  is  provisionally  assigned  to  the  subspecies  Microtus  ochrogaster  haydenii 
(see  Choate  and  Williams,  1978). 

The  trapsite  south  of  Spearman,  even  though  but  a  few  miles  north  of  the  Canadian 
River  breaks,  actually  lies  in  the  drainage  of  Horse  Creek,  a  tributary  of  Palo  Duro  Creek, 
which  in  turn  flows  northeastward  into  the  Beaver  (or  North  Canadian)  River  in  the 
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Oklahoma  Panhandle.  Perhaps  our  specimen  is  representative  of  an  isolated  or  semi- 
isolated  population  of  M.  ochrogaster,  a  relic  of  more  southwestwardly  distribution  in  late 
Pleistocene  or  earlier  Holocene  times.  The  site  of  capture  lies  approximately  100  miles 
southwest  of  the  type  locality  of  Microtus  ochrogaster  taylori  (regarded  as  a  synonym  of  M. 
o.  haydenii  by  Choate  and  Williams,  1978),  1.5  mi.  N  Fowler,  Meade  Co.,  Kansas,  the 
nearest  previously  reported  point  of  occurrence  for  the  species. 
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This  index  has  separate  subject  and  author  sections.  Key  (or  other 
important)  words  or  phrases  are  followed  by  an  abbreviated  title  and 
initial  page  number  of  each  article  in  which  they  appeared.  Scientific 
names  of  organisms  were  indexed  only  to  genus,  followed  by  the  initial 
page  number  of  each  article  in  which  that  generic  name  was  mentioned. 
Generic  names  selected  by  authors  as  key  words  or  used  in  titles,  however 
were  treated  as  all  other  key  words  indexed.  Specific  geographic  areas  or 
localities  used  by  authors  in  titles  or  as  key  words  were  entered  as  index 
headings  with  the  exception  of  Texas,  because  the  majority  of  articles  in 
the  Journal  dealt  with  that  state.  All  states  (or  countries)  other  than 
Texas  appear  as  separate  headings  in  the  index.  Vernacular  names  of 
biological  species,  ordinal  and  familial  names,  and  chemical  compounds 
were  indexed  only  if  used  in  the  titles  or  as  key  words. 

The  author  index  includes  the  names  of  all  authors,  each  followed  by 
the  initial  page  number  of  the  appropriate  article.  Also  included  is  a  list 
of  the  names  of  colleagues,  with  the  exception  of  the  editorial  committee, 
who  kindly  served  as  reviewers  of  articles  submitted  for  this  volume  of 
the  Journal. 
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Ants: 

diel  foraging  activity  (Hymenoptera:  For- 
micidae)  Solenopsis,  Conomyrma, 
Forelius,  93 

caste,  humidity,  temperature,  Solenopsis, 
(Hymenoptera:  Formicidae),  331 
Anurans: 

late  Pleistocene,  Fowlkes  Cave,  Culberson 
County,  Texas,  357 

predation  on  endangered  Houston  toad, 

B.  houstonensis,  454 
Aprostatandrya:  369 
Apteria:  357 
Arauocmyrmex:  93 
Arbutus:  309 
Archer  County,  Texas: 

Pleistocene  mammals,  tapir,  363 
Arisaema:  357 
Arkansas: 

unusual  blue  catfish,  Siluriformes,  Ictalur- 

idae,  361 

Articholaelaps:  369 
Artificial  aeration: 

destratification,  polymictic  reservoirs, 
taste,  odor,  phytoplankton  community, 
423 

Ascaris:  369 
A  sc y  rum:  357 
Asoschoengastia:  369 
Athyrium:  357 
Attenuation  analysis: 

X-Ray  spectra,  characteristic  radiation, 
Laplace  transformation  pair  model,  151 
Baccharis:  49,  309 
Baiomys:  1 1 3 
Basilodes:  354 
Bassariscus:  1 1 
Bat: 

western  red  bat,  Lasiurus  blossevillii  teli- 

otis,  (Chiroptera:  Vespertilionidae)  from 
Texas,  1 1 1 

fringed  myotis,  Myotis  thysanodes,  from 
Baja  California  Norte,  366 
Bdellonyssus:  369 
Bdelonyssus:  369 
Behavior: 

Anatidae,  Anser,  greylag  geese,  sexspe- 
cific,  107 
Berberis:  309 
Bernstein  inequality: 

population  variance,  unimodal  distribu¬ 
tion,  nonparametric,  confidence 
bounds,  431 


Beta-lactosides: 

immunochemistry,  55 
Betula:  1 1 
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parasites,  annotated  host  list,  cotton  rat 
(Sigmodon),  cotton  rat  louse 
{Hoplopleura),  Cricetidae,  eastern  New 
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tiary,  potassium  argon  dates,  mafic 
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341 
Biomass: 

fuels,  understory  species,  prediction  equa¬ 
tions,  49 
Bison:  363 
Bivalves: 

freshwater.  Lower  Rio  Grande,  Texas, 

259 

Black  willow: 

dynamics,  establishment,  growth,  develop¬ 
ment,  cottonwood,  San  Antonio  River 
forest,  269 
Blue  catfish: 

Arkansas,  (Siluriformes:  Ictaluridae),  361 
Borrelia:  369 
Brachylaima:  369 
Brown  County:  462 

Cryptotis  record  from  Texas,  113 
Bufo:  11,  357 

predation  on  endangered  Houston  toad, 

B.  houstonensis,  454 
Bumelia:  269,  309 
Bunostomum:  369 
Burmannia:  357 
Callicarpa:  49,  357 
Calopogon:  1 1 
Camelops:  363 
Campsis:  269 
Cancer  treatment: 

radiation  therapy,  negative  pi-mesons, 
dynamic  therapy,  particle  therapy,  135 
Cam's:  11 
Capillaria:  369 
Capromeryx:  357 
Carex:  11,  357 

Carya:  49,  269,  309,  347,  354 
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Caste: 

ants,  Solenopsis,  (Hymeno- 
pteraiFormicidae),  humidity,  tempera¬ 
ture,  331 
Castor:  11 
Catfish  Creek: 

conservation,  national  natural  landmark, 
ecosystem,  1 1 
Cediopsylla:  369 
Cellulase  activity: 

fungi,  nonlinear  analysis,  viscometry,  323 
Celtis:  269,  309 
Centella:  357 

Cephalanthus:  11,  269,  309,  347 
Cercis:  309 
Chaetodipus:  463 
Characteristic  radiation: 

X-Ray  spectra,  attenuation  analysis, 
Laplace  transformation  pair  model,  151 
Chasmanthium:  357 
Cheyletus:  369 
Chilopsis:  309 
Chinati  Mountains: 

geochemical  evolution,  peralkaline  vol¬ 
canic  center,  fractionation  trends,  279 
Chiroptera: 

Lasiurus  blossevillii  teliotis,  western  red 
bat,  from  Texas,  1 1 1 

fringed  myotis,  Myotis  thysanodes,  from 
Baja  California  Norte,  366 
Chiroptonyssus:  369 
Chlosyne:  354 
Choanotaenia:  369 
Chromosomal  rearrangements: 

heterochromatin,  variation,  phylogeny, 
Gerbillidae,  63 
Cochliomyia:  369 
Colinus:  1 1 
Colubrina:  309 
Community: 

phytoplankton,  artificial  aeration,  destrat¬ 
ification,  taste,  odor,  polymictic  reser¬ 
voirs,  423 

Community  composition: 

diversity,  woody  vegetation,  pine-hard- 
woods,  San  Augustine  County,  Texas, 
347 

Condalia:  309 
Confidence  bounds: 

population  variance,  Bernstein  inequality, 
unimodal  distribution,  nonparametric, 
431 


Conomyrma: 

ants,  diel  foraging  activity,  Solenopsis, 
Forelius,  (Hymenoptera:  Formicidae), 

93 

Conservation: 

Catfish  Creek,  national  natural  landmark, 
ecosystem,  1 1 
Corbicula:  259 
Cornus:  49,  249,  347 
Corrosion  inhibitors: 

iron  corrosion,  adsorption  isotherms, 
thermodynamic  values,  kinetic  values, 
octlyamine,  quinoline,  low-carbon  steel, 
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Cotton  rat  (Sigmodon): 

parasites,  annotated  host  list,  biblio¬ 
graphy,  cotton  rat  louse  {Hoplopleura), 
Cricetidae,  eastern  New  Mexico,  369 
Cotton  rat  louse  {Hoplopleura): 

parasites,  annotated  host  list,  biblio¬ 
graphy,  cotton  rat  {Sigmodon)  Criceti¬ 
dae,  eastern  New  Mexico,  369 
Cottonwood: 

dynamics,  establishment,  growth,  develop¬ 
ment,  black  willow,  San  Antonio  River 
forest,  269 

County  Unit  Road  System: 

ethnic  biases,  elitism,  political  patronage, 
partisan  politics,  Jim  Wells  County,  25 

local  government,  reform  model,  politics- 
management  dichotomy,  Jim  Wells 
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Cranial  asymmetry: 

porcupine,  Erethizon,  persistent  decidu¬ 
ous  premolar,  353 
Cratogeomys: 

reproduction,  postjuvenile  molt,  pocket 
gophers,  Thomomys,  459 
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parasites,  annotated  host  list,  biblio¬ 
graphy,  cotton  rat  {Sigmodon)  cotton 
rat  louse  {Hoplopleura),  eastern  New 
Mexico,  369 
Crotiscus:  369 
Cryptotis:  462 

record  from  Brown  County,  Texas,  113 
Ctenocephalides:  369 
Ctenophthalmus:  369 
Ctenopsyllus:  369 
Cucurbita:  354 
Culberson  County: 

late  Pleistocene  anurans,  Fowlkes  Cave, 
Texas,  357 
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Cuterebra:  369 
Cynanchum:  354 
Cynoctonum:  357 
Cynomys:  363 

fossil  prairie  dogs  from  Texas,  3 
Cyrilla:  357 
Cyrtonaias:  259 
Cysticercus:  369 
Dasypus:  1 1 
Dermacentor:  369 
Destratification: 

artificial  aeration,  polymictic  reservoirs, 
taste,  odor,  phytoplankton  community, 
423 

Development: 

dynamics,  establishment,  growth,  cotton¬ 
wood,  black  willow,  San  Antonio  River 
forest,  269 
Desmodillus:  63 
Diagnostic  radiology: 
nuclear  magnetic  resonance,  magnetic 
resonance  imaging,  225 
Dichanthelium:  357 
Didelphis:  1 1 
Diel  foraging  activity: 
ants,  (Hymenoptera:Formicidae),  Sole- 
nopsis,  Conomyrma,  Forelius,  93 
Diospyros:  309 
Dipodomys:  369 

D.  elator,  distribution  and  status  of  Texas 
kangaroo  rat  in  Texas  and  Oklahoma, 
249 

Dischidodactylus: 

new  ichnogenus,  439 
Distribution: 

Texas  kangaroo  rat  {Dipodomys  elator) 
status  in  Texas  and  Oklahoma,  249 
western  red  bat  {Lasiurus  blossevillii  teli- 
otis)  in  Texas,  1 1 1 

fringed  myotis  {Myotis  thysanodes)  in 
Baja  California  Norte,  366 
first  record  of  the  least  killifish  (Poecillii- 
dae)  in  Texas,  447 

mountain  lion  {Felis  concolor)  records 
from  the  western  Edwards  Plateau, 
Texas,  450 

new  locality  for  the  eastern  harvest  mouse 
{Reithrodontomys  humulis)  in  nor¬ 
theastern  Texas,  461 

eastern  harvest  mouse  {Reithrodontomys 
humulis)  in  Oklahoma  449 
a  specimen  of  the  prairie  vole  {Microtus 
ochrogaster)  from  the  northern  Texas 
Panhandle,  463 


Diversity: 

community  composition,  woody  vegeta¬ 
tion,  pine-hardwoods,  San  Augustine 
County,  Texas,  347 
Dorymyrmex:  93 
Dosimetry: 

ionization  chambers,  electrometers,  radia¬ 
tion  measurement,  175 
Drosera:  1 1 
Dust  particles: 

simply  connected  domains,  periodic  solu¬ 
tion,  rain,  101 
Dynamics: 

establishment,  growth,  development,  cot¬ 
tonwood,  black  willow,  San  Antonio 
River  forest,  269 
Dynamic  therapy: 

radiation  therapy,  negative  pi-mesons, 
particle  therapy,  cancer  treatment,  135 
Eastern  New  Mexico: 

parasites,  annotated  host  list,  biblio¬ 
graphy,  cotton  rat  {Sigmodon),  cotton 
rat  louse  {Hoplopleura),  369 
Echidnophaga:  369 
Echinonyssus:  369 
Ecosystem: 

national  natural  landmark.  Catfish  Creek, 
conservation,  1 1 
Ectopistes:  1 1 
Edwards  Plateau: 

Felis  concolor,  records  from  western 
Texas,  450 
Eimeria:  369 
Electrometers: 

ionization  chambers,  radiation  measure¬ 
ment,  dosimetry,  175 
Eleocharis:  11,  357 
Elitism: 

ethnic  biases,  partisan  politics,  political 
patronage,  Jim  Wells  County,  County 
Unit  Road  System,  25 
Eocene: 

new  ichnogenus,  insectivore/ carnivore 
footprints.  Skyline  Channels,  Trans- 
Pecos,  Texas,  439 
Epilachna:  354 
Epitedia:  369 
Equus:  363 
Erethizon: 

cranial  asymmetry  of  porcupine,  persist¬ 
ent  deciduous  premolar,  353 
Erinaceus:  445 
Eriocaulon:  1 1,  357 
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Ethnic  biases: 

elitism,  partisan  politics,  political  patron¬ 
age,  Jim  Wells  County,  County  Unit 
Road  System,  25 
Euhaemogamasus:  369 
Euhoplopsyllus:  369 
Eulaelaps:  369 
Eupatorium:  357 
Euschoengastia:  369 
Euschoengastoides:  369 
Eutrombicula:  369 
Exponential  upper  bound: 

binomial  probabilities,  two-sided  inequali¬ 
ties,  Taylor  series  expansion,  341 
Eysenhardtia:  309 
Falco:  11 
Felis:  II 

records  from  the  western  Edwards  Pla¬ 
teau,  Texas,  450 
Fonsecia:  369 
Forelius: 

ants,  diel  foraging  activity,  (Hymenop- 
tera:Formicidae),  Solenopsis,  Cono- 
myrma,  93 
Formica:  93 
Formicidae: 

ants  (Hymenoptera),  diel  foraging  activ¬ 
ity,  Solenopsis,  Forelius,  Conomyrma, 
93 

ants,  Solenopsis,  caste,  humidity,  temper¬ 
ature,  331 
Fossil: 

prairie  dogs,  Cynomys,  of  Texas,  3 

late  Pleistocene  anurans,  Fowlkes  Cave, 
Culberson  County,  Texas,  357 
Fowlkes  Cave: 

late  Pleistocene  anurans,  Culberson 
County,  Texas,  357 
Fractionation  trends: 

geochemical  evolution,  Chinati  Moun¬ 
tains  caldera,  peralkaline  volcanic  cen¬ 
ter,  279 

Franklin  Mountains: 

Texas,  minerology,  garnet  chemistry,  Pre- 
cambrian,  417 
Frio  River: 

riparian  forest,  woody  vegetation,  south¬ 
ern  Texas,  309 
Fraxinus:  269,  309,  347 
Fuels: 

biomass,  understory  species,  prediction 
equations,  49 


Fungi: 

cellulase  activity,  nonlinear  analysis,  vis- 
cometry,  323 
Gamma  distribution: 

maximin  rank  test,  two-sample  nonpara- 
metric  tests,  401 
Garnet  chemistry: 

minerology,  Franklin  Mountains,  Texas, 
Precambrian,  417 
Garrya:  309 
Gentiana:  1 1 
Geochemical  evolution: 

Chinati  Mountains  caldera,  peralkaline 
volcanic  center,  fractionation  trends, 

279 

Geochemistry: 

trace  element,  obsidian,  x-ray  floures- 
cence,  prehistoric  trade,  New  Mexico, 
Texas,  297 
Geochronology: 

potassium  argon  dates,  mafic  rocks.  Big 
Bend  National  Park,  Trans-Pecos, 
Texas,  Tertiary,  71 
Geomylichus:  369 
Geomys:  363 
Gerbillidae: 

chromosomal  rearrangements,  heterochro¬ 
matin,  variation,  phylogeny,  63 
Gerbillus:  63 
Gigantolaelaps:  369 
Gliricola:  369 
Glossotherium:  363 
Gongylonema:  369 
Greylag  geese: 

sexspecific  behavior,  Anatidae,  Anser,  107 
Gynaecotyle:  369 
Habenaria:  360 
Haemaphysalis:  369 
Haemogamasus:  369 
Haemolaelaps:  369 
Haliaeetus:  1 1 
Helianthus:  354 
Hemiptera: 

stink  bug,  Pentatomidae,  prey  preferen¬ 
ces,  354 

Heterandria:  447 
Heterochromatin: 

chromosomal  rearrangements,  Gerbilli¬ 
dae,  variation,  phylogeny,  63 
High-dose-rate: 

remote  afterloader  effect,  radiation  expo¬ 
sure,  radioactive  implant  therapy,  203 
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Hirstionyssus:  369 
History: 

medical  physics,  radiology,  physicist,  119 
Hoplopleura: 

parasites,  annotated  host  list,  biblio¬ 
graphy,  cotton  rat  (Sigmodon),  cotton 
rat  louse,  eastern  New  Mexico,  Criceti- 
dae,  369 

Hoplopsyllus:  369 
Hospital: 

radiotherapy,  241 
Humenolepis:  369 
Humidity: 

ants  (Hymenoptera.Formicidae),  caste, 
Solenopsis,  temperature,  331 
Hummingbird: 

rufous,  predation  by  praying  mantid,  1 1 1 
Hyaenodon:  439 
Hyaenodontipus:  439 
Hydatigera:  369 
Hymenolepis:  369 
Hymenoptera: 

ants  Solenopsis,  Forelius,  Conomyrma, 
(Formicidae),  diel  foraging  activity,  93 

ants  Solenopsis  (Formicidae)  caste, 
humidity,  temperature,  331 
Hyphantria:  354 
Hypoaspis:  369 
Hyptis:  360 
Ichoronyssus:  389 
Ichnogenus: 

insectivore/ carnivore  footprints  from 
Skyline  Channels,  late  Eocene,  Trans- 
Pecos,  Texas,  439 
Ictaluridae: 

unusual  blue  catfish  (Siluriformes)  from 
Arkansas,  361 
Ictalurus:  361 
Iguanidae: 

Sceloporus  poinsetti,  lectotype,  syntypes, 
type  locality,  Sauria,  407 
Ilex:  49,  309,  347,  357 
Immunochemistry: 

beta-lactosides,  55 
Insectivore/ carnivore  footprints: 

late  Eocene,  new  ichnogenus  from  Skyline 
Channels,  Trans-Pecos,  Texas,  439 
Intercutestrix:  369 
Ionization  chambers: 

electrometers,  radiation  measurement, 
dosimetry,  175 


Iron  corrosion: 

adsorption  isotherms,  corrosion  inhibi¬ 
tors,  thermodynamic  values,  kinetic 
values,  octlyamine,  quinoline,  low-car¬ 
bon  steel,  79 
Isospora:  369 
Ixodes:  369 
Jim  Wells  County: 

ethnic  biases,  elitism,  political  patronage, 
partisan  politics.  County  Unit  Road 
System,  25 

local  government,  reform  model,  politics- 
management  dichotomy.  County  Unit 
Road  System,  33 
Juglans:  309,  357 
Juncus:  1 1 
Juniperus:  309 
Kangaroo  rat: 

Dipodomys  elator,  distribution  and  status 
in  Texas  and  Oklahoma,  249 
Karyotype: 

eastern  harvest  mouse,  Reithrodontomys 
humulis,  in  Oklahoma,  449 
Kinetic  values: 

iron  corrosion,  adsorption  isotherms,  cor¬ 
rosion  inhibitors,  thermodynamic 
values,  octlyamine,  quinoline,  low-car¬ 
bon  steel,  79 
Labidomera:  354 
Laelaps:  369 
Lampsilis:  259 
Lantana:  309 

Laplace  transformation  pair  model: 

X-ray  spectra,  characteristic  radiation, 
attenuation  analysis,  151 
Lasiurus: 

blossevillii  teliotis,  western  red  bat,  in 
Texas,  1 1 1 
Least  killifish: 

Poecilliidae,  first  record  in  Texas,  447 
Lectotype: 

Sceloporus  poinsetti,  type  locality,  syn¬ 
types,  Sauria,  Iguanidae,  407 
Leptodea:  259 
Leptopsylla:  369 
Leptotrombidium:  369 
Leucaena:  309 
Leucena:  456 
Leucocrossuromys:  3 
Leucophyllum:  309 
Liatris:  357 
Liponyssus:  369 
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Liquidambar:  11,  49,  347,  357 
Litomosoides:  369 
Lobilia:  357 
Local  government: 

County  Unit  Road  System,  reform  model, 
politics-management  dichotomy,  Jim 
Wells  County,  33 
Longistriata:  369 
Lorinseria:  360 
Low-carbon  steel: 

iron  corrosion,  adsorption  isotherms,  cor¬ 
rosion  inhibitors,  kinetic  values,  ther¬ 
modynamic  values,  octlyamine,  quino¬ 
line,  79 

Lower  Rio  Grande,  Texas: 

freshwater  bivalves,  259 

Texas  ebony  seed  {Pithecellobium)  prov¬ 
enances,  452 
Lucania:  448 
Lutra:  17 
Lyonia:  357 
Macrocheles:  369 
Madura:  269 
Mafic  rocks: 

geochronology,  potassium  argon  dates. 

Big  Bend  National  Park,  Trans-Pecos, 
Texas,  Tertiary,  71 
Magnetic  resonance  imaging: 

nuclear  magnetic  resonance,  diagnostic 
radiology,  225 
Magnolia:  357 
Mammut:  363 
Mammuthus:  363 
Maritrema:  369 
Mastophorus:  369 
Maximin  rank  test: 

gamma  distribution,  two-sample  nonpara- 
metric  tests,  401 
Mayaca:  1 1,  357 
Medical  physics: 

radiology,  history,  physicist,  119 
Megalonaias:  259 
Megarthroglossus:  369 
Meleagris:  11 
Melia:  269 
Meringis:  369 
Meriones:  63 
Microphallus:  369 
Micropleura:  369 
Microtus:  363 

specimen  of  the  prairie  vole,  M.  ochro- 
gaster,  from  northern  Texas  Panhandle, 
463 


Mimosa:  309 
Minerology: 

Franklin  Mountains,  Texas,  garnet  chem¬ 
istry,  Precambrian,  417 
Mitchella:  357 
Monodontus:  369 
Monoecocestus:  369 
Monomorium:  93 
Monopsyllus:  369 
Morus:  269,  309 
Mulch  cover: 

planting  seeds  of  four  south  Texas  spe¬ 
cies,  456 
Mus:  463 
Mustela:  1 1 
Mycteria:  1 1 
Myotis: 

fringed  myotis,  M.  thysanodes,  from  Baja 
California  Norte,  366 
Myrica:  11,  49,  347,  357 
Mysolaelaps:  369 
National  Natural  Landmark: 

Catfish  Creek,  conservation,  ecosystem, 

11 

Negative  pi-mesons: 

dynamic  therapy,  radiation  therapy,  parti¬ 
cle  therapy,  cancer  treatment,  135 
Neodiplostomum:  369 
Neofiber:  3 
Neoichor onyssus:  369 
Neotoma:  363 

extended  breeding  season  of  N.  albigula 
in  southwestern  Texas,  462 
Neotrombicula:  369 
Nerodia:  454 
New  Mexico: 

parasites,  annotated  host  list,  biblio¬ 
graphy,  cotton  rat  (Sigmodon),  cotton 
rat  louse  (Hoplopleura),  Cricetidae,  369 

trace  element  geochemistry,  obsidian,  x- 
ray  flourescence,  prehistoric  trade, 
Texas,  297 
Nonlinear  analysis: 

fungi,  cellulase  activity,  viscometry,  323 
Nonparametric: 

confidence  bounds,  population  variance, 
Bernstein  inequality,  unimodal  distribu¬ 
tion,  431 
Nosopsyllus:  369 
Nothrus:  369 

Nuclear  magnetic  resonance: 

magnetic  resonance  imaging,  diagnostic 
radiology,  225 
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Nudacotyle:  369 
Nyssa:  11,  347,  357 
Obsidian: 

trace  element  geochemistry,  x-ray  fluores¬ 
cence,  prehistoric  trade.  New  Mexico, 
Texas,  297 
Octlyamine: 

iron  corrosion,  adsorption  isotherms,  cor¬ 
rosion  inhibitors,  low-carbon  steel, 
kinetic  values,  thermodynamic  values, 
quinoline,  79 
Odocoileus:  1 1 ,  450 
Odontacarus:  369 
Odontopsyllus:  369 
Odor: 

polymictic  reservoirs,  phytoplankton  com¬ 
munity,  artificial  aeration,  destratifica¬ 
tion,  taste,  423 
Oklahoma: 

harvest  mouse,  Reithrodontomys  humulis, 
karyotype,  449 
Onoclea:  357 
Onychomys:  369 
Orchopeas:  369 
Oribatella:  369 
Ornithodoros:  369 
Ornithonyssus:  369 
Oryzomys:  363,  462 
Osmunda:  1 1,  357 
Panicum:  1 1 
Paranoplocephala:  369 
Parasites: 

annotated  host  list,  bibliography,  cotton 
rat  (Sigmodon),  cotton  rat  louse 
(Hoplopleura),  eastern  New  Mexico, 
Cricetidae  369 
Parasitus:  369 
Paratrechina:  93 
Parkinsonia:  309 
Particle  therapy: 

dynamic  therapy,  radiation  therapy,  nega¬ 
tive  pi-mesons,  cancer  treatment,  135 
Partisan  politics: 

ethnic  biases,  elitism,  political  patronage, 
Jim  Wells  County,  County  Unit  Road 
System,  25 
Pentatomidae: 

prey  preferences,  stink  bug,  Hemiptera, 

354 

Peralkaline  volcanic  center: 

geochemical  evolution,  fractionation 
trends,  Chinati  Mountains  caldera,  279 
Per  Ulus:  354 


Periodic  solution: 

simply  connected  domains,  dust  particles, 
rain,  101 

Perognathus:  363 
Peromyscopsylla:  369 
Peromyscus:  113,  369,  463 
Persea:  357 
Phrynosoma:  1 1 
Physaloptera:  369 
Physicist: 

history,  medical  physics,  radiology,  119 
Physocephalus:  369 
Phytoplankton: 

community,  artificial  aeration,  destratifi¬ 
cation,  taste,  odor,  polymictic  reser¬ 
voirs,  423 
Pine-hardwoods: 

community  composition,  diversity,  woody 
vegetation,  San  Augustine  County, 
Texas,  347 
Pinus,  49,  347,  357 
Pinguicula:  357 
Pithecellobium:  452,  456 
Pituophis:  1 1 
Pitymys:  363 
Plagiorachis:  369 
Platanus:  269,  309 
Planera:  1 1 
Platygonus:  363 
Plegadis:  1 1 
Pleistocene: 

anurans,  Fowlkes  Cave,  Culberson 
County,  Texas,  357 

mammals,  tapir.  Archer  County,  Texas, 
363 

Pleochaetis:  369 
Pocket  gophers: 

reproduction,  postjuvenile  molt,  Crato- 
geomys,  Thomomys,  459 
Poecilliidae: 

least  killifish,  first  record  in  Texas,  447 
Pogonia:  1 1 
Pogonomyrmex:  93 
Political  patronage: 
ethnic  biases,  elitism,  partisan  politics, 

Jim  Wells  County,  County  Unit  Road 
System,  25 

Politics-management  dichotomy: 
local  government,  reform  model.  County 
Unit  Road  System,  Jim  Wells  County, 
33 

Polydon:  1 1 
Polygala:  1 1 
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Polygenis:  369 
Polymictic  reservoirs: 

artificial  aeration,  destratification,  taste, 
odor,  phytoplankton  community,  423 
Polyplax:  369 
Popenaias:  259 
Population  variance: 

Bernstein  inequality,  unimodal  distribu¬ 
tion,  nonparametric,  confidence 
bounds,  431 
Populus:  269,  309 
Porcupine: 

Erethizon,  cranial  asymmetry,  persistent 
deciduous  premolar,  353 
Porocephalus:  369 
Postjuvenile  molt: 

reproduction,  pocket  gophers,  Crato- 
geomys,  Thomomys,  459 
Potamilus:  259 
Potassium  argon  dates: 

geochronology,  mafic  rocks.  Big  Bend 
National  Park,  Trans-Pecos,  Texas, 
Tertiary,  71 
Prairie  dogs: 

fossil,  Cynomys,  3 
Praying  mantid: 

predation  on  rufous  hummingbird,  1 1 1 
Precambrian: 

minerology,  garnet  chemistry,  Franklin 
Mountains,  Texas,  417 
Predation: 

on  rufous  hummingbird  by  praying  man¬ 
tid,  1 1 1 

on  endangered  Houston  toad,  B.  houston- 
ensis,  454 

Prediction  equations: 

fuels,  biomass,  understory  species,  49 
Prehistoric  trade: 

trace  element  geochemistry,  obsidian,  x- 
ray  flourescence,  New  Mexico,  Texas, 
297 

Prenolepis:  93 
Prey  preferences: 

stink  bug,  Hemiptera,  Pentatomidae,  354 
Procyon:  1 1 
Prolistrophorus:  369 
Proneofiber.  3 
Prosopsis:  269,  309 
Protospirura:  369 
Prunus:  309 
Psammomys:  63 
Pseudoschoengastia:  369 
Ptelea:  309 


Pterygodermatites:  369 
Phylogeny: 

Gerbillidae,  chromosomal  rearrange¬ 
ments,  heterochromatin,  variation,  63 
Pyrus:  357 
Quadrula:  259 
Quercus:  11,  309,  347,  357 
Quinoline: 

iron  corrosion,  adsorption  isotherms,  cor¬ 
rosion  inhibitors,  low-carbon  steel, 
kinetic  values,  thermodynamic  values, 
octlyamine,  79 
Radfordia:  369 
Radiation  exposure: 

radioactive  implant  therapy,  high-dose- 
rate  remote  afterloader  effect,  203 
Radiation  therapy: 

negative  pi-mesons,  dynamic  therapy, 
cancer  treatment,  particle  therapy,  135 
Radiation  measurement: 

electrometers,  ionization  chambers, 
dosimetry,  175 
Radioactive  implant  therapy: 

radiation  exposure,  high-dose-rate  remote 
afterloader  effect,  203 
Radiology: 

physicist,  history,  medical  physics,  1 1 
Radiotherapy: 

hospital,  241 
Raillietina:  369 
Rain: 

simply  connected  domains,  periodic  solu¬ 
tion,  dust  particles,  101 
Rana:  357 
Reform  model: 

local  government.  County  Unit  Road  Sys¬ 
tem,  politics-management  dichotomy, 
Jim  Wells  County,  33 
Reithrodontomys:  113,463 

harvest  mouse,  R.  humulis  in  Oklahoma, 
karyotype,  449 

new  locality  for  R.  humulis  in  northeast¬ 
ern  Texas,  461 
Reproduction: 

pocket  gophers,  Cratogeomys,  Thomo¬ 
mys,  459 
Reservoirs: 

polymictic,  phytoplankton  community, 
artificial  aeration,  destratification,  taste, 
odor,  423 

Rhadinopsylla:  369 
Rhammus:  49 
Rhexia:  357 
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Rhipicephalus:  369 
Rhododendron:  357 
Rhopalopsyllus:  369 
Rhus:  49,  309,  347,  357 
Rhynchospora:  357 
Ricinus:  309 
Rictularia:  369 
Riparian  forest: 

woody  vegetation,  southern  Texas,  Frio 
River,  309 
Rubus:  11,  357 
Sambucus:  357 
Salix:  269,  309 
San  Antonio  River  forest: 
dynamics,  establishment,  growth,  develop¬ 
ment,  cottonwood,  black  willow,  269 
San  Augustine  County: 

community  composition,  diversity,  woody 
vegetation,  pine-hardwoods,  Texas,  347 
Sapindus:  269,  309,  450 
Sarracenia:  1 1 
Sassafras:  49,  347 
Sauria: 

Sceloporus  poinsetti,  syntypes,  lectotype, 
type  locality,  Iguanidae,  407 
Sceloporus: 

poinsetti,  syntypes,  lectotype,  type  local¬ 
ity,  Sauria,  Iguanidae,  407 
Schizachyrium:  357 
Schizotaenia:  369 
Sciurus:  1 1 
Sesbania:  309 
Sekeetamys:  63 
Selasphorus:  1 1 1 
Sexspecific  behavior: 

greylag  geese,  Anatidae,  Anser,  107 
Sigmodon:  1 13,  462,  463 
parasites,  annotated  host  list,  biblio¬ 
graphy,  cotton  rat  {Sigmodon),  cotton 
rat  louse  (Hoplopleura),  eastern  New 
Mexico,  Cricetidae,  369 
Simidectes:  439 
Skyline  Channels: 

late  Eocene,  new  ichnogenus,  insectivore/ 
carnivore  footprints,  Trans-Pecos, 
Texas,  439 
Smilax:  11,  269,  357 
Simply  connected  domains: 

periodic  solution,  dust  particles,  rain,  101 
Sophora:  309 
Solanum:  354 
Solenodon:  439 


Solenopsis:  454 

ants,  diel  foraging  activity,  (Hymeno- 
ptera:Formicidae),  Forelius,  Cono- 
myrma,  93 

ants,  caste,  humidity,  temperature, 
(Hymenoptera:Formicidae),  331 
Sorex:  357 
Sorghum:  462 
Spectra: 

X-ray,  characteristic  radiation,  attenua¬ 
tion  analysis,  Laplace  transformation 
pair  model,  151 
Spermophilus:  3,  363,  463 
Sphaerium:  259 
Sphagnum:  1 1 
Spiranthes:  1 1 
Stenoponia:  369 
Steptolaelaps:  369 
Stink  bug: 

prey  preferences,  Hemiptera,  Pentatomi- 
dae,  354 
Stiretrus:  354 
Strongyloides:  369 
Styrax:  309 

Sylvilagus:  11,  363,  369 
Symphoricarpos:  309 
Syntypes: 

Sceloporus  poinsetti,  lectotype,  type  local¬ 
ity,  Sauria,  Iguanidae,  407 
Syphacia:  369 
Tadorna:  107 
Taenia:  369 
Tapinoma:  93 
Tapir: 

Pleistocene  mammals.  Archer  County, 
Texas,  363 
Tapirus:  363 
Taste: 

polymictic  reservoirs,  phytoplankton  com¬ 
munity,  artificial  aeration,  destratifica¬ 
tion,  odor,  423 
Tatera:  63 

Taxodium:  269,  309 
Taylor  series  expansion: 

exponential  upper  bound,  binomial  pro¬ 
babilities,  two-sided  inequalities,  341 
Thermodynamic  values: 

iron  corrosion,  adsorption  isotherms,  cor¬ 
rosion  inhibitors,  low-carbon  steel, 
kinetic  values,  octlyamine,  quinoline,  79 
Temperature: 

ants,  caste,  humidity,  Solenopsis, 
(Hymenoptera:Formicidae).  331 
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Teritary: 

Big  Bend  National  Park,  Trans-Pecos, 
Texas,  geochronology,  potassium  argon 
dates,  mafic  rocks,  71 
Texola:  354 
Thamnophis:  454 
Thomomys: 

reproduction,  postjuvenile  molt,  pocket 
gophers,  Cratogeomys,  459 
Thrassis:  369 
Tiamastus:  369 
Toxicodendron:  269 
Toxolasma:  259 
Trans-Pecos: 

Big  Bend  National  Park,  Tertiary,  geoch¬ 
ronology,  potassium  argon  dates,  mafic 
rocks,  71 

late  Eocene,  new  ichnogenus,  insectivore/ 
carnivore  footprints.  Skyline  Channels, 
439 


Trichinella:  369 
Trichoderma:  323 
Trichoecius:  369 
Trichosomoides:  369 
Trichostrongylus:  369 
Trirhabda:  354 
Trombicula:  369 
Trypanosoma:  369 
Two-sample  nonparametric  tests: 
gamma  distribution,  maximin  rank  test, 
401 

Two-sided  inequalities: 

Taylor  series  expansion,  exponential 
upper  bound,  binmial  probabilities,  341 
Type  locality: 

Sceloporus  poinsetti,  lectotype,  syntypes, 
Sauria,  Iguanidae,  407 
Ugnadia:  309 
Ulmus:  11,  269,  309 
Unio:  259 

Unimodal  distribution: 
confidence  bounds,  population  variance, 
Bernstein  inequality,  nonparametric, 
431 


Uniomerus:  259 
Understory  species: 

fuels,  biomass,  prediction  equations,  49 
Urocyon:  1 1 
Uropoda:  369 
Ursus:  1 1 

Vaccinium:  49,  357 
Vampirolepis:  369 
Variation: 

Gerbillidae,  heterochromatin,  chromo¬ 
somal  rearrangements,  phylogeny,  63 
Vegetation: 

wet  creek  bottom  site,  eastern  Texas,  358 
Verbesina:  354 
Veromessor:  93 
Vespertilionidae: 

Lasiurus  blossevillii  teliotis,  western  red 
bat,  1 1 1 

Vestibulosetaria:  369 
Viburnum:  1 1,  357 
Vio/a:  357 
Viscometry: 

fungi,  cellulase  activity,  nonlinear  analy¬ 
sis,  323 
Vi/ex:  309 

Vitis:  11,  269,  309,  357 
Woody  vegetation: 
riparian  forest,  southern  Texas,  Frio 
River,  309 

community  composition,  diversity,  pine- 
hardwoods,  San  Augustine  County, 
Texas,  347 
Xenopsylla:  369 
X-ray  flourescence: 

trace  element  geochemistry,  obsidian,  pre¬ 
historic  trade.  New  Mexico,  Texas,  297 
X-ray  spectra: 

characteristic  radiation,  attenuation  anal¬ 
ysis,  Laplace  transformation  pair 
model,  151 

Zanthoxylum:  309,  354 
Zizaniopsis:  1 1 
Ziziphus:  309 
Zonorchis:  369 
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